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SUMMARY

A conventional utility-connected arrangement was selected for th,. link,r
AFB electroplating facility mainly because of simplicity in its implmenta-
tion and availability of the inverter, which is the key component ill tal,
system. The system uses a direct energy transfer arrangement with a peak

array power tracking inverter; no electrochemical storage batterie; are
used. The thermal energy distribution system interfaces directly with the
plating tanks in the facility.

The most practical location for the photovoltaic arrays was detertttined

to be the roof on the building adjacent to the plating facilit.. Sult ficitut
roof area is available to install an array size ot at least 300i kW.

The estimated initial instal led cost oi th., cmibiiid phit,)voltaic!tLier-
mal system is $28 per watt. The use of therima1 energy for the plat [ug tank5

is costly ($3 per watt) becanse of an extensive distribution system .ini zs,
of exotic heat exchangers. One conclusion, theretore, is that ;al electric -

only photovoltaic system is more cost effective.

The daily average power requirement of the electroplating facility at

Tinker AFB is about 733 kW. Thus, the key driver for determining the power
rating (i.e., sizing) for the "modularized" photovoltaic system i tilt,

availability of the inverter. A 50 kW system was identified as the baseline

modular photovoltaic power system. However, it is pointed Out that tite

overall cost of a much larger system, e.g., a 300 kW system can reduc e the

net cost per watt (in July 1979 dollars) of the key elements as indicated

here:

Component 50 kW System 300 kW System

Solar Array $10/W $"'/W

Inverter $38/W $I/W (dlitereut supplier)

The life-cycle cost analysis, based onl the 50-kW sVqtem and coniderinl:
present and future utility fuel cost, showed that th pl'otovoltaic systln im

less e+conomical than the conventional energy soulrce-s ill (aIpacitv and em F\

diplacement. However, if fuel costs in conventionil pwer plants -;-i11

at 1b% per year or more over tho 25-year lite o t the \' te0n ccMtlh ill2 W tI .t1

redtict ion in photovol tai, system co st, the photolT Ic sVotem wIllc I,. ,,-
nlfically justi fiahle, in lu 7



PREFACE

This final report is submitted by Martin Marietta Corporation under con-
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SiC'TIN I

iNTR)UCT NON

['his study evaluated the use of an activeJy cooled photovoltaic pow,,r
system for the- manufacturing fac lit at Tinker Air Force Base, Oklahoma.
The facility requires both electrical and thermal energy, the latter for

electroplating. The study ident ified a pre!liminary design for an qctiv,,I','
cooled photovoltaLC concentrator contiguration, incloided the necessary d -

tails of integrating the dosign into th, facility, and coumared the cost ol
the system with present energy sources. The system cenitigurat ion was; to 1,,
selected from designs that were reasonably well developed at the time, )f
this study (February to November 1979). Specitic study areas were, a-
fo l ows:

a) Sitp i:iolat ,on and weather data asessment.

b) Survey of site facility reqnirements and constraints.

c) Surve-y of development stati:, cost, and p rormanic, of sytis
capable of providing both thermal Ind ,.lectrical energic : .

d) Solection of nominal power rat ing and p!ot ovo :ta ic sv!stm

configuration best suitod for this Air FGrce appl ication.

e) D If Lit ion of a prel iminary des i gn and its perf,;rinalc, .

f) Project ion of init ial hardware and ins tat I at ion, mai nt- 1 cc, and
labor, and life cNcle- cost.

( ) Lost comparison o f the Iot ar systema inod convent ional sv:st,'m.

ick groend

Current events have broughL the urgency ,I tII n1a t i, on I I ) o p',," u i

prdOIon, to the torefront once again. Cas,; ini t i)11cet', in , c ss ' n d
1ar per gal lou aret now common 1 cross th e 1Ini td Stat, s . ir (it ,IInt , th,
midwest and eastern states were shocked by a one-year T :I icr ill Ili, I
oil prices. This chaos in the energ markets is attrihntd to the It) II
key factors:

Ia) Iran's internal con I i c t, which near I y hi I t I !i r 1 p I ,I I o1on

(h) Snudi Arabia reduced its oil out pot In d- " (';

(c) OPlF; raised its Gil prices truf., -W, It $ )" i t .i . I , n

average i $2 per harr' i n IQ7'.
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SECF[O' I I

SITE REQUI REMENTS AND ANALYSIS

Site Analysis

Site Description - The Tinker AFB Electroplating facility occupies
38,000 square feet in Building 3001. Figure 2 shows the plating shop loca-
tion and the surrounding buildings and land at tile site. Tile plating facil-
ity includes It major plating lines consisting of 170 tanks distributed over
the pit floor, which also contains tile piping for the tanks. Figure 3 shows
a typical plating line in the facility.

Existing Electrical Power Distribution - The plating tanks require low
voltage, high current dc power. Each tank has its own rectifier. To mini-
mize de bus requirements, the rectifiers are located as close as poss ible to
the plating tank as shown in Figure 4. Due to the corrosive atmosphere near
the tanks, the rectifiers are totally enclosed. Temperature control for the
rectifiers is provided by a water cooling loop. Power to the rectifiers is
from the 460 Vac, 3-phase, 60 liz utility line.

Most of the converters in the plating shop are Udylites, which are
sealed, automatic solid-state units. A typical output characteristic Is
shown in Figure 5.

The plating shop works 24 hours per day, 3b5 days per year. The cur-
rents and voltages required by a plating tank cannot be stippl ied directly
from tile outptit of a solar photovoltaic array. A practical method at inte- -

facing the dc output of a solar photovoltaic array is by using a 3-p hase in-
verter to convert the unregulated dc voltage from the solar array to regil-

lated 3-phase, 60 Hz , 4b0 Vac for power distribution to tile plating siciity.

A block ;iiagram of the present plating facility's 27U/480 V-c, 3t-phla

power distribition system is shown in Figure 6.

A prel iminary breakdown of power consuinption from the 4'W Vac, 3-phase,
50 i1z tr th,- plating facility bus was provided by engineerinv personnel.

An estimate of he loads is shown in Table 1.

Existing Thermal Distribtition System - The present tank heating system
in the electropl:ltins fascilitv ases central plant-supplie-!d medium tLompot%- -

.ure st.am (:'SOOF to 3005 F) to directly heaL the plting solit ions an
rinse tanks. Thlis is accomplished by pas;ing the ste'lim through a submer),,,d
coil in the tank. Control is achieved with a tmperatiire-regul'itd steam
V.ilv, at eacl ~lnk.

Olnce throu;'h tht, heat lig col, the st eam con,-nate is vented outs il,'
the faci it v, thus ensuriag,, that no corrasive plit ing saluttion ; coold over
he inadvwrLnt Iv ro iri eI to the contral pl 1nt syst Pin. Fi gtrc I sh:rws, a

-; imp I ilf . , iu _ ,.I Ibis t nxi'-.[ i tank lie t l .ng syI ..
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l'ab e " Ltminnrl/xes thev daily thermal. loads tor the pro'ces s I ilIe's inl Ote

,;o tith hoI I I')t t.he shop S tar t i 1g) from the nickel plating l ik-. These iie's
'',te id~ltiedl as. reL'is0Piihl candidates for Solar heaitiig due' LO theil- Pr)X-

I;lif Iv, wi ch wolId rIli iliIiiie t,'Lhe Cos t andl Cem x () ofI t)ILXI[Y0 he solar di'.tliu-
i Ou S-1 t In. I n, I)#'e t Ion i t 'fi I o 2~ Shows tImI t Ii' t Lmi t (iiiperat ii re's ei

ill If.1i11 it twio to.utiit ire, ranges, II()OF to I 3r)1 and hhWI)F to
I j k

Mei, thm'r'nimi loads shown in Table 2 were based oil the iatte Ill est miift-
(Ref 1) molj iid to :iccotint for insimlat ion onl the( tank sides (01 te x ist 1il'
ranks airc imn sn i ated ). A (let a iled anal ys is was conductod tor the low tein'm
jwri tiire tanks (i.e., 10)o T) to qimanti fy the load rodutct ion. Ani iii>.ih a-

ion tli ickness 'If 21 inches was: used in the, nnll]vs is. Result's Iromm th tt
mII Ays is nre jproIsenoe in Table 3 foir two typical tanks. Basod oil tit,' ion1-
il on~ r;!,y avinis shown, the insu]lai on is cost ' ff.et ivi' 1nd we extel'iiled

the *iiialySIms to 111 L timlk's that :irt, grouped in thu' south half ot the,,o
-start iny from the nickel] pl ml ing line. In conIsidering O'nek-g y cI Iis k.V,'uIt Io

Fm1,13iirt's fi)r Agat 'he(Ref 1) recoiionndeI that tue following i terL
!,o t is t i oi:



i.\A i 1 ' . )I . 1. 1 tI J. ' !.A I. .1,( 1',0 1" 1 IX <! : . 'h P I..' I I , ' I A C:1 1. 1 ' '

Process line Temperature range Net estimated heaF ios!;o
(01) ([ito/Da. x 10

Chrome, 200 series 110-135 .137

N;ickel, 41)0 series 110-130 .

Nickel-cadmium, 800 series 110-130 4.08

Misc tanks, 1)00 series 110-130 (.88

Low-teviperature subtotal 18.30

(5380 kW-hr/day)

Chrome Strip L60-185 9.(8

Nickel-cadmium 170-190 ). )3

Miscellaneous 180-115 3 .00

I ig,,h-tempura Lure subtotal 18 . 21

(: I 0) kh:--ir'!dav)

Heat ;ains due to platLig dissipation have becti accounted Ior in com:-
puting net heat loss. leaL loss calculitLion assumed 2 InCLIeS (- insiii L i in

on tank s ides only.

5idBo L ! , L):-i I; , :, . a .\11111 i

V, l t 'd 1 1. , l t,,d 2,H I '94 L 3, :, jl ,' 0 ; .

Ix.'ilitd 2, 0411 . ,.t i., 7, , ..loo
[.:,, 1 --__________ ___________________________.___ _______
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Details of the roof supporting structure are shown in Figure 9. The
roof is a composite of metal decking, rigid insulation, felt subroof, and
asphalt roofing material. This composite is supported by bridgework, which

in turn is supported by 25-foot high steel columns (12WF25 ib) on 30-foot
centers in the east-west direction and 60-foot centers in the north-south
direct ion.

One serious reservation resulted from the civil engineering roof evalua-
tion. They reqIuested that the north-south spacing of array rows be con-
strained to the 60-foot column centers (see Appendix A). This results in
very inefficient packing for the row-mounted linear candidate arrays.

10 Spaces 1 30 ft 0 in 300 It 0 in

goo j in x 31. /1 ilnf

_ _ _ tL _

plat 1 ini wide)

Thermal Storage Locat ion - Our site visit to Tinker AFB idoit i t led ulhe
lack of available space in the put i ng Shop for a thermal sLorig tank a;
potent ial problem. A r , I Inc a t i oni o ve r L I Iv n or th I udito o fI te01 s ) wa Ss o )mg-

,,,estedt, however, the Tinker AFB civil engineering group stjgi,,sted t 1t :1
foot iis under the I oad1-tea ring wall s coulId not soJpnort the weight.

An al ternat ive locat ion over the a I Iey between hiii Ift iugs 10091 and iS~
was then evaluated. T-his approach would reqIimi r coustruction 01 an exj'eu-
sive steel frame. This location is not preterred due., to the long' pi pin,'
runs (over 2001 feet, one way) reqiird to reach the arrajy I ield.

No practicable locat ion has beeni Identified for t- thermal st orag
tank; consequen1tlIy, the- pos it)iI it y ot us ing the mlass ofI t he Plat mug silo-

ions directly as the thermal st-oragc inechan ism was eva-l id Ind con- d~r-
i he a workable approach. Resi lts of tmes. cal :mm in a in; .g 11. l

t i12in wid

L . _ _ _ _ _ _ _ _ _ _ _ _2 _ __F2_ _ _ _ _ _



Insolation and Weather Data Analysis

Survey of Existing Insolation Data base - Measured direct normal radia-

tion is not available for Oklahoma City; however, much progress has boen
made by DOE in generating reasonable estimaties of the availability of direct

normal radiation for solar applications The survey of insolation data
sources for Oklahoma City is summarized in Table 5.

Table 6 lists the mean daily total hemispheric radiation available at

Oklahoma City. These data were derived from regression models by the
National Oceanic Atmospheric Administration (NOAA) as part of their Solar
Meteorology data collection effort. Unfortunately, total radiatton is of

little value for the sizing of solar concentrators because the ratio of dii -
fuse to direct radiation is not known.

For the past several years Sandia Laboratories have been deveIlpll,
techniques for computing solar radiation availabiliti.,s t, dilolr,l lyp,:;
of collectors in various geometries. Figure 10 contains a roaph ma ,1 av-
erage annual direct-normal insolation, which was taken from the work , E..

C. Boes (Ref 2), and revised to include the new SOLMET (Re6t i) direct I,)!;iih

data base which was developed by Randall and Whitson of the Arosl)I,

poration (Ref 4) and is available for 20 cities from the National Cllmiic
Center in Asheville, North Carolina. Untorkunatly, Oklahom, i C11y i, uot

one of these 26 cities.

TABLE 5. INSOLATON DAT'A SOURCVIS FOR OKLI..\llm{\

tCtilit - !"I
Stltlr,'t' T}'l~~t'[I' in:, i' ; cni .

'OL'-It'l'/NUAA 1  ilourl v horizon tal 1lohaj Too detail.od r l ",i:1;. F

radiaLion. Mlodeled data desi n purpo.-itl_ t lcld :
based on cloud cover re- ised s t.) 1 I I, -i'- k L t L'

,ress ons. or SI and ,.
-I

)L:I"T/NOA.\2 Average daiIV ior i ; onta I Requ i red I , ,K
global r-tdiatinn, Lv arae!It'nti I
hmo h tl . 3l,1S- d 011 1 Love'.

Climatic .\tl:is/NOAA 3'eremitL of psibr sun- RI,.-rd Kv SIP t I,
si lie, ZIVL!'a ' [v moni thl . 1o itlil u% l, .

Ret or-encus

I. SOL'LT , Volu:t 2 - Hourly Solar Radiation - Suracc Nhteeroo iv II
Observations. TI)- 724, NOA.\ Nationil Climatic CeinteLr, "e r:lI'l'vl '.

2. Input ilata Ior Solar Systems. Re,Ort prepi,1a Icr IL '. L* J. it e it
, imat ic Cnter, Areement ( '.e) -IPAI1, 4over I 'i7>.

3. Climatic Atlas ot tirt l'nit,.d itat.t>. ,()AA :;atiow l .1 i: ut I

I.1



i~dBLiI a. O:iU;filSY SO AR I:h'",>.,Uiox WV TFMI'R'iUR5 FOR OiLAIR-L\ CIIY

Station: Oklahoma Citv Stt: 01

StLtion lumber: 13 7 ]aLtitude: 3'. L4le I iud, V . 00 VL i:L

):, >;a dc,,,rtTotal hlemis],A nric

Normal temperature (de; F) ' IleCan dail Solar t

D)ailv M i 1,
: t!:nt -,.a:,inum m bi:flul montly Itt I I . ! i irs 1L/u t K 1/22 Lan1-&"

Ilan 47.6 26.0 36.8 87' U 8 0.I a ') .) 21-. 2
Fob 32.6 30.0 41.3 36' U 1055.0 11973.0 2b b.2
'lar -,) .3 36.5 48.2 532 11 1400. 1 15890.u 3 .1
Apr 71.6 4) .1 60.4 180 42 1725.4 19381.,) 46:s'. I
May 76.7 37.,) 68.3 36 138 1918.1 21768 . 321J.I
nLn o7 .'J 6o.u 76.3 U 354 21.43.9 24331.0 3S1.3
Jul 92.6 70.4 81.3 o :312 2128.4 24133.6 377.
,_u 92.3 U9.6 81.1 U 499 1.,)3o.3 22134.0 329.2
Sep 84.7 61.3 73.0 12 232 1554.2 17638.0 421.1
Oct 74.2 53.6 62.4 148 68 1232.6 13989.0 34.1
'Nov 60.) 37 .4 499.2 474 3 'l).3 10225.0 244.4
Dec 50.7 29.2 40.0 773 0 725.4 8233.0 1901
Ann 71.1 4S.7 39.9 3695 187h 1461.3 16384.6 396.4

Baased on 1941-197o per od I,

Solar Insolat ion Mode , Sl: - Ali analvt ica l prod ict ion1 model was tused t,)
do tine -- ir insolation characteristics tor Tinkr AFH location rather than
empirical ly r,'cordod weather .iid insolaLin data. "'? reasons are:

a The SIM mod,'-I Is inexpensiVe to run , and hi,.t t r,-, 'ndois

versat i I i tv for system s; iz ing and por forimance ,isso sonLt purposes.

6 m) L'n-terrm coanLiuous1 y re.corded weather and insolitoim d.aLt ilr, iot
aWl tiable tor the Tinker AFIA site.

c) Wei ter data based on a statistical average over several year"
g., Aerospace weather tape) has limited value in parinm t rlt-

system performanco analyses.

2. L. n. Ioes vt i.: Availabil ity of Direct, Total, and Di fttis, Solar
Rad iat ion to Fixed and Tracking Co I lectors iri the IUSA. SAND 77-0885
Sandt 10aboratories, Albuuquerqe , NM (11477).

j. sUm[M.'r - Hourly Solar Radiation - Surfack Meteorolo;ical Observat ions:

lsitrs Manual , TD-9724, prepared for the I.S. Dep, rtnn of tuorgv hv tie
National Climatic Center, Ashvil le, NC, Dec 1977.

'. C. M. Raidal I, M. F. Whitson, Jr: Hourly Insolation and Mfto r,)l' i-l
Data Bases incl, tAing Improved Direct Insolation Estimates. Acrospace
Report AtR-78 (I1)n2-1), SAND 78-7047, Dec.-,,hr 1P477.



An insolat ion datbabase was establ ished at the Mart in Marietta fac iIitY
dur ing 19 7u, and these data was used in tie analys is L ,eILerOL, .in acc urit,
soiAr insolation model. Daily data for direct normal insolation wer, tak.- i
once per month for seven months. Data were not availabl-, tor April , .uI v,
August, October , and November and, for these months, interpolit ionI w:JS used
to provide model parameters. Cloud and temperature in orination for Ok] imm.
City was taken from the National Climatic Atlas.

,IM requires three types of input data: location, I ne, and wetul.er
rhese data, dtotined in Table 7 are read once per day by SEPS. The fmldo-
mental equal ion for the solar insol-it ion node l is:

- ( sk I) ; -7 C

who ,re

I t r I ,I i I ' i 1- i r r 1

tI - r t I I t o t 1 5 1

Ulsings an extr- terr-estrial solar ~.iu mtit 0t1 li( W.":n a 11aw.s ejom,-

t ion I to be simpl if ied to

In the mode I , Kj and -ir e conta meod in lookup tL,11i 1 wit -1 par.m ,
valu s tor ,,ach mo th, and iIIterpola iou is used t o oht.IIt va i I t r 1) s tr-
trdi ate da.s. The cleo ruess nurtihe r , which is a ciirve-t 1 inv. n nst iLt , wo.

used to fit the mRodIl to .1vailabl , wt'ith-I d I t a at thoe Tinkr,, ,, sit,.

S, I- lo i tOen Ang le0s ire d,,rivel in the program rom th rl it illns,

.lIld

wh r re i , ,ht' :. l ir oc'I'Iltn i i t r ru I' t1t h C -In,! p[),' I I

a ngles rt ,1 ).r'ont mIII .u I I -l . tli,' i t-' . iI , h , .i ii ' ;u) 1.ui 1 1. i t t ,
ullgl o , -Iro d,' plel ,it I i ' -- , -vetl r i S Oi in i I I I 1 u it'wn II F1

,, imod,, I ,d . Th,, ho, I IU It, is d,, - i i bv



where ET is the equation of time given by

i. I -().1.2357 sin 1 -0.004289 cos 1 +0 .153809 sin 2h +0.06071i cos 2bJ)

a nd

(0-1) 3 if )°

h *3h5.24

d.scribes the angular fraction of a year represented by a particular day.

The solar declination angle is defined by

sin " sin (2!.438]
°
) in

where

-- .r - l..'JS 7 sin .1 + 1.8724 cs -I .(182 Sin 'a + 0.008 c 2

(d-I ) 3mu0
-, . 34 + 5.- . .3( 5.242

epc.-sert s the angu lar fraction of the year at a particular day for the de-
,I ii:ti;Hi in le calculation.

In addLtiom to accorate insolat Lon calculation, SIM can also be pro-

Craimed tO 1andei complex cloud patterns. Because only direct normal inso-
lition i of interest in this study, the insolation is considered either
fill-On nr filll-off depending on whether clouis are present. Cloud cover :s

prog:rimmed en ch day by specifying a total cloud amount (35%) and a cloud
cover period (0 :im to 11 am).

The total cloud amount is adjusted according to the cloud cover period.
Thus, specifying 35% cloud cover and a 6-hour cloud cover period on the
equinox wail d result in 707/ cloud cover during the 6-hour period. Cloud and
temperature data are also shown in Figure 11.

Clolid data are artomatically adjusted for actual sunrise and sunset by
ontering cl,mu cover time before sunrise and after sunset. The computa-

ional flow within SIM, shown in Figure 12, shows that day-dependent data
irk ,alI,,1ato.i only once at the beginning of the day to increase program
.'f ic iencv.

SIM modeI perforinanc is shown in Figure 12 compared to the dat a base at
tihe Martin Marietta facility for September 21. As mentioned earlier, the
clearness numbers used in the model were selected to fit the output to tile.

ureisurd d;ta.

Figur,; 1 3, and 14, and Table 8 depict the insolation profilts at linker
\FB -it, iii tue? months )f June and D ce mber, respect ively.

Survty o Exi -;t in ng Weather Datr. Base - WeathI i e r records tor 0)k I aluIi w i tv
date- back into the late 18 40s. Table q listsa the wuather nor a i i ih : ex-

trtoes which hiv,. beeon recorded over the, vi,;rs at Oklahoma City.
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TABLE 8. DIRECT NORI.AL iNSOLATION WITHt CLOUDS FOR TRACKING
AR AYS AT TINKER AFB

Mean (percentage) Clearness Direct normal

Month possible sunshine number energy kW-hr/re'

Jan 39 0.90 141.2

Feb 61 0.84 148.6

Ma-r 63 0.84 134.0

Apr 63 0.85 142.6

May 63 0.83 201.7

Jun 73 0.86 222.1

Jul 75 0.83 229.7

Aug 77 0.79 227.0

,ep 64 0.83 182.1

Oct 68 0.87 176.4

Nov 60 0.80 146.4

Dec 59 0.90 133.7

1.2 -A - Solar azimutth angle 12
B - Direct normal insolation

\ C - Solar elevation ang.le

1) - Integrated energy

B

0.8 80 anle,

de,

Direct 0.- 6er

beam . 6 'hr /

insolation,

0.4 -40

r. 2 -20 .

lit -1'. V:i :! dli7 I



A - Solar azimuth angle

B - Direct normal insolation

1.0-100 C - Solar elevation algle1(

D - Integrated energy

0.8--8o Su

angle

Direct 06 60deg A 6En
beam 06 6 . leg
insolation, -r/t
suns

0.4-.4o

0. 2 - 0,

0.0 -0
4 6 8 10 12 14 lb 18 20

Hours f rom midnight

TABLE 9 . UWEATHER N0RIcLS AND EXTREMES FOR OKLA110MA CITY, )KI.AIOL*

I'.iriim'Lir Normal E:rm

Maximum temperatures 92.30 F (Aug;) 13F
6i days/vr 0 1.,
11 days/vr 100'1.F

Minimum tempera tures 270 F ( Jan)-1
1 Jav/vr ()I F
80 d3.)s/ " 3F

W hid spe .) 1:1ph i- roli S.1 87 p0,

Ra i 1 31 iricheLope r oar 041~w/>

inch, pcr

Fre*'z hug (seot ;ivi i ia iL
preciLp itationia

1,iitts oI0 Ii



SECTION I'

SURVEY OF CANDIDATE PttOTOVOLTAIC CONCENTRATORS

The key objective for this task was to assess the development status ol
photovoltaic cotcentrators that arc capable of delivering both elect ricali
11d thermal energy to the system loads. Initial costs and performance char-

acteristics for the vari ous conceotLrators were to be compared in the survey.

Overview of Photovoltaic Concentrators

The general co lector geomet r ics sii table for solar concoitrattOn are
shown in Figure 15. fable 10 summarizes the established technology in coi-
ceutroting collector systems in terms of concentrat ,en rattio and the re-

,1iired types of optics and tracking configurations. In recent years deveLi-
0pmoeit work on the photovol taic systems has centered arnund the fol lowing
ftor coiceuntrator types:

(a) 1. ie-Focus Re flect ive Troughs,

(b Point-Focus Reflective l)ishes,

c L.ine-Focus Fresnel Lenses,

(d Poitt-Focus Fresnel Lenses.

, 1 prs-onLs a comparison of the advantages and d isodvant ages for the

ui,v, tour conceotrator systems. The leading opt ical concentrators uow ,jr(

)ejiit -tcus 1d I int-locuis Fresnel Iluses.

Development Status of Photovol taic Concentrators

On-Going Photovol taic Concentrator Programs - The survey reviewed 12

concord rators; in various stages of development. Table 12 present.,; a summary
of the development staltis for all 12 developers contacto, in our survey.

All w.,r, participants in San,lia Laboratories' PRDA-35 (Phctovoltatic Researc-h
and Development Application) phase one activity and live wer,, awarded phas,
Lwo contracts for fabrication and instaflation ot their applicatin experi-
mrts. The PRDA-35 developments will be discussed in detail in the lellow-

ing ptragraphs.



TABLE 10. PHOTOVOLTAIC CONCE'NT!XI.2)R SYSTEM TECItNULOGY

Electrical Concentration
Organization power Cooling r;IL io', * Uptics >i,.10?

iAAL, Ino 10 kE Active 200:1 1'arabol c 2- u:-Lc
mirrors

Accure'x 3.5 kW Active 36:1 )arabol 11 -cixl
cvI iIIder

Honeywell 10 kW Ac tJve 40: 1 Parabolic 2-_X s
lirro:.s

M.artin :arietta* 10 klh Passive 40:1 l: Snel 1-a .
& active lens, circo. .r

RCA 300 W Passive 400:1 Fresel 2-:rS

E-Systems 27 kW Active .5:1 FresnI lens , I-. : 1

*Activeiy cooled system being developed.

The Department of Energy is continuing to fond selected projects zoder
their Photovoltaic Concentrator Technology Development program. Their ob-

jective is to develop low-cost long-life PV concentrator arrays tnat <an w
commercialized at a price of $0.70 per watt or less by 1986 (factorv pi ,

in 11480 dollars) or $2.80 per watt or less in [482. Projects Lorrent lv r-
ceiving funding include:

(a Honeywel '- sagged-glass parahol ic-trouh reflct;ir

b Martin Marietta's point-focus Freo. nel co, etitrator.

I) a second generation c,,, ,nt rator invol v Io, 1y 2,,

t rat ion rot 1o;

2) act 'vely ld o conc, t-atir , t. r ,- 33 < ,1 rlt )r,
ra t ii

)~et ISst~ U'-S Ion I~tul,.C . .. 11 ?i II

,t-" I 12 11 -;1i 1t ')It- V i t 1 ," 0 t 1t Cw i- r"t :' '

r {: .{ ,: * 1% ti* wr:I -. ,,. ,, . 0<* - it m., *{; :. .,, L,! , ..

*ii I rul'i. ' , ' r Lto' . , . ,; :' i<7 r . ' V !{ ,'"t .s A.. r , ,
'  

I'it I ' I 1 I,.

' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~i "T i, ". ", ", " " , , ! I , I ,Il "! \I
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Arabia awarded the contract in December 1979 to Martin Marietta Corpora-

tion. Martin Marietta's passively cooled point-focus concentrator array,

complete with 2-axis tracking system and necessary structures aad founda-

tions, was slightly below $10/W as compared to $10 to 13 for the flat-plate

arrays. This suggests that if an actively cooled system is not required for

applications like the Tinker AFB, concentrator systems are competitive and

should be considered as candidates also.

TABLE 12. STATUS OF ACTIVE LY COOLE) 'V C)NC}KNTIL'ToRS .

Contrac tor Type S ta tus

AAI Linear trougi;, 4OX Development drovped

Acurex Linear trough, 36X Prototype built lnd Le.'Td

BD Linear trough, 36:,: Prototype built and tes ted

L-Sys tems , i near Fresnel, Prototvpe built and tes ted
23>

G 1. inear trou4il, 34X, Prototylvpe built and Les ted

turn table

Honeywell Linear trough , 43, Sandia fund inme; w'ii b121 l Id ii . -t

pedestal nodule by 'Cet 107L)

ITC Linear troui,,h, 36X euc protot>'o :nodule. t110t11.

Karnan Circular , )evlopnt o toi uult. 2]in-;

32X, pedestal

Martin ".Mari ett, Circuiar- Fresueli, Sandia fundil ; d , n line r ;.. ,,,i}1l

4u)X, ptdestal ouild and ttst a2.2-k, arrlv, .Jll I ,);)1 )

>1otorola Lasseera . '1

,olare: linear trour ex, 2t> ro L , L li 2 ud tIi ., t

.ir [ii; loini t-loct; ti l- !); til ni:t

ikD. '.im mlr : .' cur::, u l_ I--:5,':ut,.:;s:, .- k'.

3:>:L-,, 3,i ,

s;LT7)\5 r..oi 0 -t ,,'ital0r: :.;L i t in 'ar i,.tL ,; ,,,' .:. . ' 2, , ,

PRDA-35 Activity - Phase I of !)i "' tPRI)A- )I, kvi , u, rit, o Appl i, at i.)nz,

Fxprimet nt Projet ondd i i in ijd-1174. ,,,v,';, ,' ,out ri-t , , pur l ,
'ho Phas;' stldio,. lve,; u h,. at, i.t iv. ,,< t iv,1 o (fit,
c ntratrs. Ta:,I I pr )vi id hy Sa Il; l iI. it ,' ,, vI - ,, ;1 r,t v
',v(.rvlow 4)f th- k-.j piram.t, rs ind t,. li a pi ie,;); 1 II 1 't" *'l , ) ,, '.i
ou,; svs t .'w i opors



FABL 1 13. P R1A- 35 PO I'SU'MMARY I N FO RMA' I ON

Foujr awards for PRDA-35 Phase 11 activity (fabr ica t ion and i ns taIla ti on
were negot jated for appl icat ions wi th act ivel v cooled conicentrators. '(

tot .31 IFund ing comm it ted to these pro 1 ec ts i s $1 2. 2 in l Iion . Most in,;, al la

mmmols willI be oporat ioiial in 1980 wi tli operational pertormance lnoli t,,r iti

planni-d to)r three years after sys;tem :-tartup.



i A B' i 1 !- A 1k 1 A II 1

The winning PRDA-35 pro jects incIuded

Ac u rex Parabolic trough, 85 kW

BI)M Parabolic trough (built by So lar Kinet ic ) , 7 kW

E-Systeums Linear Fresnel, 27 kW

(;encril Electric Parabolic trough, 32' kW

Figtire P) shows s,ne of the concent rators imuntrgoin, d,,velopmo i:i th,

PRDA and (.mcntratr Technologv Development progr:imn.



Other Development Activity -Sandia L-iboratories is evaluating proposals

for the development of concentration opt ics in the range of 400X to 1000X.

All concepts to be developed in this concentration range are expected Lo use

active cooling. Some of the prototype modules will use low rosistance sili-

con cells manufactured by Microwave Associates, which demonstrated effi-

ciency of 23.5%~ at 400C anid 1000 suns, and GaAs cells with efficiency as

high as 28.51. under similar conditions.

Performance and Cost Comparisons for Photovoltaic Concentrators

PRDA-35 Performance Projsections Normalized to Tinker AFB3 - Several of

the PRDA-35 contrac tors est imnated their annual electrical and thermal per-

formance using hour-by-hour computer siimulat ions. We normalized these esti-

mnates to the Tinker AFBI site coaditions in an atLtempt to compare the elecc-

trical performance of the concentr .tors.

The thermnal performance, however, could not) be normal ized in ,similar

manner because the thermal subsystems varied s igni ficantlIy for eacni PR[JA

a p1)l i cat 61on.

The nornia I izat ioni procedure for the elect rical per formance data was

h oe n the fol lowing r"Intions:

-~1 1- t (2.,1

rW-nr/m 2 -,;r

Wepor ted Re por ted elect r ical out put for PRDA a ppl icat ions,
kW-hr/m 2 -yr

l inker (,e]ll efficienicy for Tinker conditions, i.e., cell
temperature = 7 O

Ne, PRLIA Ce1ll efficiency for PRDA design point conditions

'iki-r =Available diroct normal insolation at linker,
21R85 kW-hr/m2-yr

I PRD\ Reported direct normal insol at ion fur 1PRDA location,

kW-hr'ma2 -yr



A 0.') percent change in electrical ef ficiency per loC change li cc.l I Lem-

peratLure was assumed in the normalization process. The resultiny perfor-
manct2 comparisons are shown in Table 14. The range of projctr-d performoce
is relatively close, 116 to 138 kW-hr/rn2-yr. The total array efficiency
ranges between 7.5 and 11.4%.

GE Performance Comparisons - Sandia currently has General Electric under
contract to assess production processes for concentrating arrays. Key tech-
nical issi.os being addressed by GE include:

(a) Relative importance and cost potential of recent and mostL attractLive~
arra~y concepts;

(h) Best optical approach, i.e., Fresnels, troughs, dishes;

(c) Impact of turntable mounting of Fresnels and dishes;

(d) :Determination of design uncertainty factors.

TA \BL 1 14. i1I RFORN,-ANCIK C0OMPARI SONS FOR i'RI)A-33 P-V CN2V ~

1 5'd y rfh c r b - c o p--, d i - D r ,ii e 4 1' ; "

r:Is inlicaite that high-con.entr.-tJon ;-rosticl I 'i1t lu I n

tocils5 , Ihav, tlil It' ghes t r,-l :Iat ivo, p~er tVo 'iunco ind col t ' I ~tril La i I ',WW i iv

Frec'.e; h~'i'tie eL opt ItcdI The-,I3& jf r t~ill'~'!' i~' la p.. (i

F rP -, ie ied v ter h u si L () T)rL i .I r I- li 'I r 1'A I . ci~ 1 I 1 1 ~ 1

I i -i lc r ' ll er or n._-ii it i it 1)t ov l iu on~,,i 'j, i' t e,

maidce datti th,-i wore reportoen in 1 1 6-. 'u -ir



Concentrator concept Concenitrator type [ - ' ,

\ t1 ,i

/.~ ---- a ci ......
G]:

2-axis

11 (eracti* I -- I I " rog iuie'~

o in t I ,cu Fresn I

Martin 'Mariettz)

Circular solar cell7kna~ne

Line focus lFresnel
(Refract ive

Lens- - -x

Rectangular - tilt

solar cells.

Figure 16. Various photovoltaic concentrators developed
under PRDA-35 (Sandia Laboratories).

TABLE 15. ARRAY CONCEPT COHPARISON, PRELIMINARY GE RESULTS

Peak Annual F011 factor,, lotal installed W r

Array concept 0/r" kh/m" 4/- S/n" ,/; '

Hi -h-concen- 169 400 1277/381 4../ 2 1./2.2) .' , .. r.
tra Lion Fre-.nel
IS i/GaAias)

Passive linear 118 3100 342 .347 2.*u 1.1) ., i.
Fresnel

PIass ive cir- 11' 3 00 3.. -0 2.300 1 .i 10t 3.i.

cular Fresnel

Enclosed dish 83 2o 1). I. -.1-)

ActLive circular 114 27, 30 3 446 2.,, .1.
Fresnel

2-axis trough IM0 213 293 .14 .,,, _ _ __ , 1  .

\ctive linoar Ill 26> 347 177 3.1, 1 .. , 1
Fr vsnvl

1-axis trough 100 1.3) 293 1.0, 12.'' l.. .-

Covr'red dish 102 236 143 l t. I , .

Bean ylitt---r 117 I 00 3/ ,I I ' '' .*

1979$; Al cost datl based on production r;att-s (4 11) P.' prv :11-.
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TABLE 16. SUJIARY OF MEASURED IELECTRICAL AND TIlEIM1AL PERFORICINCI:
FOR ACTIVELY COOLED PIHOTOVOLTAIC CONCI:NT1\TORS

Developer Electrical data Thermal data

BDM Corp Cell string 57-in. long Cell temp. rise above
Cells are 2 cm x 6.5 cm. fluid, 30"'C.

Vc t' ,urc 17. .ec I t i:'tir- I .

E-Svstems Prototype concentrator Pro to type concentra tor
efficiency, See Figures I cu':, Sec i, 'ur.
11) and 20 mnd l;1)alc 17.

iTC Prototype concentrator Not taken
I-V curves, See I'i,,ure 22.

GE Prototype concentrator.
Sec Fil,,urecs 23 tLhro I,,h 28. .2cF. 'nr- .21.

Because of the early development state of various systems actual perfor-
mance data are not available for most cases. A preliminary conclision drawn
from the foregoing survey is that E-Systems appears to be significantly
ahead of the other participants, at least in terms of having completed a
reasonable test program to date. Some of the other contractors have addi-
tional unpublished data that may be in the public domain in late 1979, so it
is premature to discount their performance potential seriously until more
data are available.

Cost Comparisons for Photovoltaic Concentrators - The PRDA-35 awards
form some basis for comparison of concentrator costs. These contracts are
being negotiated and so the cost-related details of the swards are not yet
in the public domain. Using the total amounts announced for each award, it
is clear that 1979 prices for total installed systems range from $2 to $30
per watt.

The GE study described previously estimated 1979 total installed prices
(Table 15) between $2.50 per watt and $6.40 per watt for the array concepts
they evaluated. Estimates were based on solar cell costs of $0.25 per
square centimeter and annual production levels of i05 square meters. Cur-
rent costs for concentrator solar cells are in the $0.75/cm 2 range and DOE
is funding several R&D efforts aimed at achieving the $0.25/cm 2 goal in
the near future.

The significance of the cell costs on the total array cost is high-
lighted by looking at the array material cost breakdown in Table 18 for the
E-Systems linear Fresnel concentrator. The bottom line projected material
cost is $160.85 per square meter of which the solar cells represent 6l% of
the cost--even after using the cell cost goal of $0.25/cm 2 . Fortunately
the E-Systems lens achieved concentration ratios greater than their design
goals, so they are now performing additional studies to reduce their cel I
size and obviously the cost for their receiver.
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9 9
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X-Y plo t ter) insolat i o
Figure 23. Collector segment test results, GE concentrator.
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Design Test

Conditions Piarame t er Conditions

946 W/n- Direct normal insolation 1003 W/m "'

700 F(210 C) Ambient temperature 55 0F(13'C)

1140F(46 0 C) Fluid temperature 111F(440 C)

25 Concentration ratio 25

Predicted MeasUred

performance laranttcr Per formance

(percent) (percent)

11.4 Electrical efficiency 11.3

58.6 Thermal efficiency 56.4

70.0 Total efficiency 67.7

85.0 Net lens transmittance for 88.7
silicouL cell response

spec trum

TABLE 18. LINEAR FRESNEL ARRAY MTERIALS COST PER DOE GUIDELINES,
E-SYSTI2 IS 25 kV AIIK\Y

Matl cost

(' wwo [it'l t Material Lb/array (S/unit) S/array $/uv

Lens Acrylic 244.7 0.90/lb 220.23 ).8,6

Module housing Steel 773.7 (.25/lb 103.43 6.o7

Receiver Copper 165.0 1.70/lb 280.30 12.3,
Cells & interconnects 8,764 cm2 - 1. '/cm 2,1 1. .2
Array structure Steel 1,001.() o(.3b/lb 380.38 17.')o

Extrusions Aluminum 66.8 0.83/lb 30.78 2.5
Tubin,, interconnects Copper )4.3 1.70/lb 38,.63 2.63

Gear box Steel 4.- 4.0)0/ib 13.0(9 0.81
Gears, chains Steel 5.) 4.00/lb 210 . 0U. IO

Motors -7.-) 3.001/b 22.0 I.o1
Glass Glass 34 . 1.20/lb 4i ./0 1 .48
Misc items 90 Steel 206.4 . /, 1 ()0.20 4. 'i

Totals 2,544. 3,)8.3? 160. s

Note: (1) Data from Ref.rencc 4
(2) 17') S, Assumes Ifigh Volume ProducL:tion (10 MW per "a r))

I /
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TABLE 20. CONCENTRATOR CELL TECHINuLOGY STATUS

Specific Concentration Potential
Category designs range efficiency~ Sta tu

Silicon, Simple p) +1 10-50 20K 16 to 17" ini pro-
single crystal duct ion qjuant i Lies-

BSF (back 50-200 21 L.' ~ I
s~rf~ce field)lat
1) nnl

EMVJ (etched, 50-1000 23 Lab cci Is above

multiple ver- 20,' at 60U un
tical junc-
t ion)

113C (inter- 50-1000 237, Lab cells above
digi tated i8'
back contact)

Nons il icon, A. LAs 50-2000 23 Y ielded batc'Iios
single junction aibove 20.7. L-ab

cells albove 23,

Multiple Junction Beam splitter 30-2000 30-331' Lab Cells Lt:>;Ltd
Devices at 2853

Stacked 50-2000 30-40' Under dvelopmenit

tL loo1 m icm nd 2s)oC

Table 19 presents the material cost breakdown for the GE tiirntabl,--
mounted I inear-t rouigh concentrator. The cell costs cons t itute 58 ) IWh
total material costs for the concentrator.

Concentrator Solar Cell Technology - The current thrust of the cofl(cvll

trator technology development program, managed by the Sand i:i Laborat or ies,
is to develop high efficiency cells. This is simply beciuse cell cost is
not the significant controlling factor in concentrator arrays as in fl-It-
plate arrays.

As shown in Table 20, the efficiency imnprovemnent resul ts are promising.
Concentrator cell eftfic ienc ies have inc reased d rarlo t icallIy inl the- past few
years. The sil icon cells are now available in product ion quaintit ios with
ef ficitenc ies in the 16 to 1 7% range at 280C . These cells are des ined Lui
operate in lOX to 60X concent rat ion range. Tius cost a f snch cellIs i; nlow
ahout $0.60/cm2 for quntities of 40,000 cells.

A\ major improvomien t among the s ingle c rvs t ii Si Ii C ni deVii e WaIsrpt-
ed by Microwave Asseociates . 'Their cells, designed to o)peraite it verv bib,

c oncen trat ion levels,* have demonst ra ted an ef t j cij ne bettor Lli. n 20 iLa
hOt) suns (Fig. 29)
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1 10 50 100 500 lJOd
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I igurc 29. Efficiency vs concentration ratio for several solar cell types.

Another area of interest to the multijunction devices. Varian Associ-
ates has developed a multijunction cell design (Ref. 5) capable of 28.5% ef-
ficiency at several hundred suns. This design, illustrated in Figure 30,
uses a hand-rejection filter to split the beam. Energy in UV and infrared
regions are transmitted to the A]GaAs (aluminum gallium arsenide) cell and
the remainder to the silicon cell. The two approaches being investigated
for stacked multiple junction devices are optica' stacking and actual growth
of one cell on top of another.

It is apparent now that in a few years concentrator arrays can be de-
signed with an overall efficienceis in the 16 to 22% range. The real sig-
nificance of this efficiency trend can be seen when compared to the flat-
plate technology. The concentrator systems have a much larger cost payoff
because of demonstrated efficiency improvement potential , whereas the flat
plate arrays cannot rely heavily on efficiency improvement.

.- . . .l;mt,: Spec tral Splitt ins: (eo , entritor ,!-rmiv, Photool toi( U c ('I-

tritor Technii lo', l), vt, l)Tltrnt Devc't, SAND 7O-))37, April 4-5, 1 ').
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Figure 30. Multijunction concentrator assembly.



SECTION IV

PRELIMINARY DESIGN AND ANALYSIS

Power Rating Determination

In determining the power rating for an actively cooled photovoltaic
power system that is best suited for the Air Force Application the following
requirements, constraints, and information were considered:

(a) Electroplating facility requirements for electrical and thermal
energy, including total power level (especially electrical) re-
quired as a result of demand profile shifting;

(b) Long-term insolation and weather characteristics at Tinker AFB;

(c) Short-range and long-range facility plans that would justify a
certain power/energy level;

(d) Facility constraints on use of thermal energy;

(e) Design and performance data base available on preferred candidate

systems;

(f) Nominal module size was to be in 15 to 50 kW range;

(g) Technology availability in 1981.

One approach is to use a conventional sizing method, i.e., determine the
life-cycle costs for a range of system sizes and choose the system with the
minimum life-cycle cost. This approach has flaws, however, because the high
initial cost for a photovoltaic system (even using 1982 DOE cost goals) can
never be recovered by displacing baseload utility power, which is available
at Tinker AFB for 2.2 cents per kW-hr. Also because of the available tech-
nology options and performance data at this time, combined with constraints
.)f the Air Force facility and the candidate systems, a detailed analysis to
define an optimum power rating was considered not warranted during this
study phase.

Typical plating operations at Tinker AFB require 9 vdc power at current
densities ranging from 10 to 290 amps/sq ft of the plated part surface
area. The Battelle study (Ref 1) estimated an average power consumption ot
310 kW in electroplating operations. Using an average efficiency of 90% in
the rectifiers, the maximum power level which could be fed to the plating
operation is 345 kW.
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The evaluation of the thermal loads in the facility (see Site Analysis
covered previously in Section II) has identified two thermal loads in the
South half of tile facility between the chrome and nickel plating lines.
These loads and their required temperature levels are:

5380 kW-hr/day at 110 to 135OF

533,4# kW-hr/day at 160 to 195 0 F

The low-temperature load alone was considered as reasonable to supply
with solar energy. The high-temperature loads could be met with larger sys-
tems (greater than 180 kWe); however, only at the penalty of electrical
output degradation due to the higher cell operating temperature.

One other thermal constraint was identified in discussions with Tinker
AFB Personnel. If the plating solutions are the thermal storage element,
the thermal system should not raise the solution temperature at a rate
greater than 1.0 OF/hour. Rates higher than this can cause chemical in-
stabilities in the plating solutions, which affect the quality ,)f the )lat-

ing processes.

Tile evaluation of facility requirements and constraints along with in-
solation and weather characteristics at Tinker AFB revealed that none ot
them construed a key driver in establishing a nominal power rating. The
main criteria used in determining a power rating for a modular system were
therefore based on availability and maturity of key hardware, specifically
the photovoltaic system and the inverter. The modularity requirement (W) to
50 kW) and available technology options narrowed the selection simply to
maximum permissable size, i.e., to 50 kW. Available inverters are in the 51)
to 60 kW range (Westinghouse 62.5 kW and Delta Electronics 60 kW), and a
number of photovoltaic systems could be scaled up to a range near 50 kW.
The size of 55 kWe as the photovoltaic array output at standard conditions
as the power rating was based on selection of E-Systems actively cooled
sys tem.

System Selection

Electrical System Configuration - Basic ohj*ectives in t10 1ect ion , 1
an electrical subsystem are to maximize the use of exi-stinig ,quiprnu'nt il th
plating facil ity, lis off-the-shelf power conversion equipment, provide i
simple, safe, and rel iable power interface with the plating lactl ritv, miti-
miz, cost of installing the power interface, and provide a system that ha:;
maximum potential for mod,,lar expansion and use at sele'cted Air Force 1.inl, -
ities.

Die t o the size ot the plating tacilitv's eIectx ical ,hmjuni, 7 ) ,
connpar-d to the anticipated maxitnnnm size of the solar , 1, L tri,,l i tp it , f)
kW, there is no excess solar electrical p,)wr.



An important driver in electrical subsystem configuration is the inter-
face with the plating facility. Due to the specialized requirements of tile

plating tanks, 4000 amperes at up to Vdc, it is not desirable to supply dc
from the solar array. Because power distribution cabling, switchgear, and

user loads are presently configured for a four-wire, three-phase, 277/480
vac system in the plating shop, the simplest and most cost-effective ap-

proach is to interface with the plating facility at the 3-phase bus. The
most desirable interface with the plating facility is to supply three-phase

power in parallel with the utility grid at the 3-phase bus. Advantages of
this interface with the plating facility are as follows:

(a) Maximum use of existing cabling and switchgear;

(b) Minimum disturbance to plating facility to install solar electric
system;

(c) Maximum potential for modular expansion and application at any

general purpose user site served by a utility.

A three-phase interface could be installed with minimum impact on tile
plating facility user loads because installation of the interface would re-
quire no more down time than that required for tile connection of another

user load. No change in existing distribution wiring or switchgear would be
required. As compared to dc ac is the dominant form of low voltage distri-
bution. Where dc is required, rectification is supplied locally. The pre-
dominant use at other Air Force facilities are also ac; therefore, an ac
interface will have the highest potential for modular expansion to other Air

Force or facilities supplied by the utility.

The present disadvantage of a parallel interface with the three-phase
bus is that it raises the problem of adding a nonutility-controlled source
of power to the public utility grid. There is an institutional problem with
the utility interface. Utilities are reluctant to allow alternative energy

sources to supply power in parallel (cogeneration) for the following reasons:

(a) Unfamiliarity with new technology;

(b) Safety - Alternate energy source must sense loss of utility and
not excite lines when the utility is down;

(c) Quality of returned power - Harmonics must be controlled;

(d) Rate structure - Rate adjustment for returned power has not been

establ ished;

(e) Utility metering may not be adequate for returned power.

Five power subsystem configurations for the Tinker AFB were considered.
One shown in Figure 31 uses dc-dc converters to supply dc to the platiig
tanks only because a dc-dc converter is not available in the plating shop
that wouldt accept a photovoltaic array input of 200-300 Vdc and provide 4000
A it 12 Vdc out. The system shown in Figure 31 is not practical. Th otlier



four configurations are based on the cogeneration allowed by the utility and

are summarized here:

(a) No cogeneration (2 options);

(b) Parallel operation but no power flow to utility;

(c) Parallel operation and power returned to tile utility.

Two configurations are identified for no cogeneration (i.e., not con-
nected to the utility). In the first configuration, Figure 32, individual
loads are switched to either solar or the utility bus. In the second con-
figuration (Figure 33) an uninterruptible power supply configuration is used.

The main problems with the no-cogeneration option are the starting
transients of the lighting lamps and their steady state power factor. De-
tailed information on the inrush transients will be needed to design the
transfer of the lighting load from the utility to tile inverter. The venti-

lating and tank agitation motors could also be isolated loads for the solar
array; however, their inrush transients are very severe, thus eliminating
them from further consideration.

Utility

IRectifier

dc
Solar de-d ---- lat 4ig

arrays converter load'

Battery

v i ,u rL '31 . PVPS configuration 1

Detailed information about the steady state power factor is necessary
because of minimum power factor limitations on the inverter. It is expected
the inverter will only be specified to run for power factors in the range of
0.7 lag to 0.9 lead. It is expected the lamps will present an inductive
load. Further assessment will be required to determine if power factor

correction capacitors will be required.

In the detailed design phase, the size of the lamp banks to be switched
must be identified. For a 50 kVA inverter, it is expected there would be
five 10 kW banks, ten 5 kW banks, or a combination such as two 15 kW, two I)
kW, and two 5 kW. To switch the lights from solar to utility will require
the plating facility to add remote control switches.
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If no cogeneration is permitted, then electrical storage in a battery
will be required to prevent intermittent switching from solar power to util-
ity power due to cloud passage. The size of the required electrical storage
must be assessed if the no-cogeneration constraint is real. Also, a con-
troller would be required to sequence the lamps between solar and utility as
a function of the available solar power.

The second possible configuration for no cogeneration is shown in Figure
33. This configuration is that of an uninterrupible power supply (UPS).
The utility is rectified and fed to the inverter input through a diode.
Studies by Kaman Sciences have demonstrated that the array and the utility
will load share (Ref 6). The disadvantage of this configuration is the loss
through the rectifier. The potential advantages are smaller number of re-
mote control switches and simplified control. The control system will sense
when the system is in a loss position and turn off the rectifier and invert-
er and then supply the loads directly from the utility.

Figure 34 shows a configuration with cogeneration but no power flow to
utility. In this configuration, it is assumed that the PVPS can supply some
loads in parallel with the utility but with the requirement there be no net
power returned to the utility. The PV system could supply the selected
loads in parallel with the utility but it could not supply any power to any
other load in the plating facility, the base, or OG&L. Th, utility inter-
face will be through manual disconnect switches to permit isolation and by-
pass of the inverter. In this configuration, the utility and tle inverter
will supply the selected loads only in parallel. If the selected loads can-
not absorb all tihe inverter output, the zero power to utility option in the
inverter will prevent any power being fed to any other plating facility
I oads.

A system that allows the utility and solar to supply the loads in paral-
el amld permits solar to return power to the utility is shown in Figure 15,

which is same as Figure 33 functionally but with pow(r flow to, utility.

A naturil system progression could be to initially install th, configu-
ration of Figure 34 with the zero power-to-utility Option. After the system
had accumulated sufficient operational time and data, then the decision to
allow total cogeneration could be made. Implementation could he by discon-
necting th( zero power-to-titility option. The system would not require
electrical storage because the utility is availabl. to absorb cloud
tran, ients.

Photovoltaic Concentrator - Table 21 lists the param-,ters and their
weighting factors used to arrive at a haselino CollItratuur for the Tinkcr
AFB app) icat ion. Only six candi.dates were evanluatod in detail . Beffor, Ihis

$ rankini,_ five syst ems were Pliminated tor various technical reasons,
inc IId in):

6. D. a, inre, and R. )ones: A 64 KW onncentrating Pho t.Ovo)tai, App liria-
t ion. Kaman Sciences, )E-(S-24278-1, Vol II, Appenhix A, 144T .



(a) Lack of technical maturity in the area of supporting structure
and tracking systems (AAI, Kaman, Solarex, Varian);

(b) Superiority of other similar candidates (ITC, reflecting trough);

(c) High-cost solar cells (GaAs).

The system candidates rated in the selection process included:

(a) Acurex Corporation - One-axis tracking parabolic trough, east-west
orientation;

(b) BDM Corporation - Polar axis tracking, linear-Fresnel trough;

(c) General Electric - Two-axis tracking, parabolic trough, turn-

table mounted;
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(d) Honeywell - Two-axis tracking, parabolic trough, pedestal
mounted;

(e) Martin Marietta - Two-axis tracking, point-focus Fresnel, ped-

estal mounted.

The following discussion describes the rationale for the ranking process:

I. Initial Cost Considerations - It is difficult at this time to assess
differences in initial costs between candidate systems. Reasonable values
for total installed costs will only be achieved by competitive bids to a
common performance specification. Recent Sandia Laboratories PRDA-35 awards
provide some insight to total system costs; however, the variety of applica-
tions makes comparisons difficult. The winning contractors and normalized
total costs included:

(a) Acurex - Hospital lighting and hot water, 85 kW $16,500/kW

(b) BDM - Office building elec. and heating, 47 kW $23,400/kW

(c) E-Systems - Airport utility plant, 28 kW 424,000/kW

(d) GE - Sea World electrical and absorption cooling, 33t) kW
$30,900/kW

Another source of cost data is the array materials cost comparison pre-
sented by M. Edenburn at the Third Project Integration Meeting in April of
lq7 9 . These data were compiled from the PRDA-35 contractors using c-lI as-
sembly costs of (0.10 $/cm2 of cell area. It shows the following array
material cost and cost per unit of delivered electrical energy:

$/m 2  $/kW-hr
(a) Acurex 84.6 0.352

1)b) BDM )). 1 0.400

(c E-Systems 100. 0. 3o8

{d) ;, 47. ; 0.365

2. Maintenance Costs - No solid data are availabl. on maintuanc,
costs; therefore, all candidates are assumed to have the same maintenanco
cost.

Maintenance costs include major replacement items. For reflecting sys-
tem (i.e., all except E-Svstem and Martin Marietta) the major item of con-
corn is the quiality and life of the reflector surface. Acirex uses a
Coil7,ak aluminum lighting she-t. This sheting should weather reasonable
well, although induistrial or seashore applications have shown ip to 3% loss
in reflectivity after ' years as reported by Alcoa.



BDM and CE use metallized films for their reflectors. These films are
susceptible to damage from windblown particles and improper handl ing. Also,

these films are difficult to clean without degrading the surface reflec-
tance. Until additional life test data are available, applications spvcify-
ing metallized film should still be considered experimental.

E-Systems and Martin Marietta use Fresnel lenses, which use Acrylic ma-

terial. This approach is expected to provide a minimum of a 20-year it-.

3. Electrical Output Comparisons - The rankings for electrical perfor-

mance are based largely on the work of M. Edenburn at Sandia Laboratories.
He compared the various systems (except Honeywell) with computer s imulations

and estimated the following component efficiencies:

Optical Target Cel l rrackin,

(a) Acmjrcx 0.89 0.89 0.138 0.84

(b) BDM 0.81 0.98 0.138 0.84

(c) E-Systems 0.85 0.92 0.118 0.40

(d) GE 0.82 0.40 0.138 1 .it)

The product of the optical, target, cell and tracking efticiencies

yields the net system efficiency. The tracking efticiency deteruines avail-

able energy. One-axis troughs intercept signi ticautly less energy than

"-ixi or polar.

Long-term degradation in electrical output will be largely due to loss

f eflectivity in troughs (sec above). 'Ihe Fresnel lens approach provides
cxc l lent weather prtecton for the Martin Marietta and E-Systems designs.
TheH oloevwe I I reflect or Iuse-s the sagged-j, lass mirror concept, wh i ch should
hav' ex,- lent weather charatLrIstiCs.
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Performance history is about equal for Acurex, BDM (Solar Kinetics), GE,
and Honeywell. All have solid background in large solar thermal systems

including:

(a) Acurex - DOE/New Mexico Solar Irrigation Ex-

periment, Willard, NM, 625 m
2

- Campbell Soup - process heat, Sacra-
mento, CA, 360 m

2

- Solar Power Plant, Spain, 500 m2

(b) BDM/Solar Kinetics - Solar Irrigation, NM, 650 m2

(c) E-Systems - Prototype fixed-mirror distributed

focus concentrator for DOE and 11--m
parabolic dishes for JPL

(d) GE - Knitwear Factory, parabolic dish,

Shenandoah, GA

(e) Honeywell - Mississippi College

- Honeywell Bldg, Minneapolis, 1900 m2

f) Martin Marietta - Heliostat field for Sandia Test

Facility

The potential for cost and performance improvements among the candidate
arrays has been the subject of GE's ongoing study, which assessed the impact

of technology improvements on reducing $/peak watt costs. Their preliminary
results show that high-concentration Fresnel systems (400X) and medium con-
centration circular Fresnels (OX) have the greatest potential for cost-
effective improvements. Linear-Fresnel systems of the E-Systems type also

show good potential.

6. Array Field Location Considerations - The preliminary evaluation of
the Building 300) roof loading capabilities indicated the following:

(a) General Electric turntable troughs could possibly be located over

the high bay roof area between columns X and Y; however, a coin-
plete structural analysis and review of the porposed system would
be required. This location is about 300 feet east of the plating
shop roof.

Cb) The Martin Marietta and Honeywell pedestal mount systems could he
installed over the low bay roof area that is adjacent to the
plating shop on its east side. The pedestals must be mounted
directly over the existing building columns which must be ex-
tended to reach the actual roof level.

(c) The E-Systems, BDM, and Acurex concentrators could also be lo-
cated on the low bay roof; however, Tinker AFB ptrsonneI b1eliweved
that they should be installed in line with the root coliamnus,
which are on 60-foot centers in the north-south direction. This

fJ



constraint would result in a very inefficient packing density
because normal spacing would be as low as 18 feet for the E-Sys-
tems array. For large systems this would be an unacceptable con-
straint because it would require excessive field wiring and pip-
ing to interconnect the arrays.

Power Conditioning - From the Site Description Section, Electrical
Loads, it is clear that power in the plating facility is distributed by a
four-wire, 3-phase, 60 Hz, 277/480 volt bus system. The plating tank auto-
matic converters produce 4000 ADC at up to 12 Vdc from a 3-phase, 277/480
volt input. These automatic converters are specialized equipment for opera-
tion in proximity to the corrosive environment of the plating tanks. The
plating facility does not have dc-dc converters capable of operating from
the solar dc bus and supplying dc to the tanks (they do not exist off the
shelf anywhere else).

The unregulated dc voltage from the solar array bus cannot be used di-
rectly by any existing user loads identified in the plating facility. To be
able to supply electrical power to the existing 3-phase loads in the plating
facility, it will be necessary to add power conditioning equipment between
the solar dc bus and the 3-phase distribution bus. This power conditioning
equipment will consist of a four-wire, 3-phase, 277/480 volt inverter pow-
ered from the solar dc bus.

Some factors of importance in selecting an inverter for a photovoltaic
application will now be considered. The output voltage is compatible with
expected 200-300 Vdc solar bus.

1. Parallel Operation with Utility - Line commutated appears to be
cheaper and has a lower parts count, but has the significant drawback of
high (greater than 10%) total harmonic distortion; in the current waveform,

current harmonics are undesirable for user loads. Depending on the utility,
such harmonics may or may not be allowed in power returned to the utility.
A line-commutated inverter generally can only operate when the utility is
present. The self-commutated inverter is somewhat more expensive than a
line-commutated inverter; but, the self-commutated inverters are able to
achieve much lower THD in the current waveform (less than 1% at any harmon-
ic). To be able to deliver utility quality power, it appears that a self-
commutated inverter should be chosen from those presently available.

2. Isolation Transformer - There should be transformer isolation be-
tween the utility and the solar dc bus to ensure that a semicondiictor tail-
tire will not result in dc appearing on the utility ac bus.

3. Loss of Utility Detector, Shutdown, and Restart - This is oI ,.xt ,,1,
importance because of safety requirements for linenen. When the it i i
goes down, the solar inverter must detect it and shutdown; otherwise, ti,
inverter could energize lines thought to be, dead by the utility l innan.
The restart strategy after the utilitv returns can b,- ,i ther mania l *r

automatic.



4. Inverter Sucvey - Potential suppliers of inverters for this solar
photovoltaic application were surveyed and the results summarized in Table

22. Two vendors, Westinghouse and Abacus Controls, are under contract to

Sandia Laboratories for inverter development for solar photovoltaic applica-

tions. PRDA-35 Project information was used as a guide to potential suppli-
ers. Telephone contacts with the inverter vendors were made, product in-

formation sheets obtained, and a meeting held with one vendor.

Windworks and Delta seem the most mature because they provide off the

shelf hardware. The Windworks unit is line commutated and not suitable for a
stand alone application. Also, the high harmonic distortion may be a severe
drawback for a system returning power to the utility. The Delta unit will
be used in the Acurex Phase 2 PRDA-35 for a hospital with electrical and hot

water loads at Kauai, Hawaii. The Delta unit appears to be technically ac-
ceptable for this application, but it does not appear to be the most cost

effective. Abaccus is under contract to Sandia to develop a 10 kW solar

photovoltaic inverter. They have developed and tested a single phase unit

for parallel utility operation. For this application, they proposed using
three, single-phase units with added controls to provide a three-phase

unit. Westinghouse is also under contract to Sandia Laboratories for the
develolment of a 50 kW, three-phase inverter for solar photovoltaic applica-

tions. They have a prototype and have accumulated 300 hours of parallel
utility operation. From a review of the Westinghouse inverter, specifica-

tions, plans, development, and price, it was concluded that the Westinghouse
inverter is directly applicable with little or no modification and was

therefore selected for the baseline electrical system.

Thermal System Configuration - Two thermal distribution systems were

considered, including:

(a) Conventional solar water heating using a water tank for thermal

storage,

(b) Direct tank heating, which uses the mass of the plating solutions

for thermal storage.

The conventional system wit!i a storage tank is shown in Figure 36. For

a nominal 50 kW system size, 16,000 gallons of storage is required. The
advantage of this system is its ability to store a large quantity of excess

thermal energy for use later in the evening; however, for the Tinker AFB ap-
plication there are several disadvantages of this approach such as the

following:

(a) Higher array field temperatures are required to store tile energy
at an average temperature level greater than the plating tank

temperatures

(b) Thermal losses through the storage tank insulation can be signi-

f icant
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(c) Installed cost for storage can be expensive. Typical installed
costs for conventional water storage tanks in DOE's Solar Demon-
stration Program ranged from $1.00/gallon for interior (inside a
building) steel tanks to $3.70/gallon for buried steel tanks (Ref
7).

The preferred thermal subsystem is the second option shown in Figure
37. The solar energy is distributed directly to the plating tanks whenever
the array field coolant temperature is above the delivery set point. Advan-
tages to this approach include:

(a) Simplicity, minimum number of components,

(b) Minimal thermal losses,

(c) Low cost.

The main disadvantage of this system is the limited thermal capacity avail-
able due to the requirement that the plating temperatures be kept in a
20OF band and also the constraint that the rate of plating solution tem-
perature changes be less than lOF/hour. Assuming that all the low temper-

ature tanks are used, their storage capacity is 69,000 gallons. We can in-
vestigate this approach with a simple clear-day analysis:

On a clear day in the summer, the incident solar energy could be
as high as 10 kW-hr/m 2 . For a 50 kWe system (assume 500 i

2 ) at
50% thermal efficiency the thermal output would be 2500 kW-hr on that
clear day. If this energy is collected over a 6-hour period, the
load at the tanks would be 5380 x (6/24) = 1345 kW-hr so the remain-
ing 1155 kW-hr must be stored in the plating solutions. For 69,000
gallons of solution, the resulting temperature rise would be:

Trise = 1155 x 3413/(69,000 x 8.33)

Trise = 6.8 0 F

or about l.l°F/hour temperature rise, which is slightly above the
l.O°F/hour solution temperature rise rate constraint specified by
Tinker AFB plating personnel.

7. T. A. Kins, and R. Kirkpatrick: , _; Im)at.i Collect ion from Solar Demon-
stration Projects. Proceedinis )t )prritional Rostilts for Solar heaLing
and Cool ing Systems Conf,.renco thIT/P-4'4-U(: 5, ColorIdt Spr iogs,

Colorado, November 1978.
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Figure 36. Conventional solar thermal system with storage.
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System Design

Baseline System Configuration - The baseline system we have selected for

the Tinker AFB electroplating facility application is illustrated in Figure

38. Key features include:

(a) System sized to deliver 50 kW electrical power and 260 kW thermal

power;

(b) E-Systen's linear-Fresnel concentrator with polar axis tracking;

(c) Power conditioning designed to operate in parallel with utility;

(d) Thermal subsystem to provide solar energy to low-temperature

plating tanks.

This thermal subsystems is included as an option although a general

recommendation for the baseline configuration is an all-electric system.

Details of our preliminary design for the electrical and thermal subsystems

are covered in this section. Figure 39 shows the block diagram for the

baseline photovoltaic power system.

Electrical Subsystem - The following subsystems are included in the

electrical system:

(a) Inverter

(b) Utility Interface

(c) Control

(d) Instrumentation and Data recording

(e) Emergency power supply

(f) Lightning protection

The baseline system shown in Figure 40 assumes that cogeneration with

power returned to the utility (other plating shop users or other base users)

will be permitted.

Inverter - The Westinghouse 3-phase, 50 kVA inverter developed for

Sandia Laboratories is the recommended power converter. A summary of the

Westinghouse inverter specifications is given in Table 23.

Utility Interface - The utility interface will be at the four-wire,

3-phase, 270/480-volt bus. A first cut at this interface is shown in Figure

40. This interface cannot be defined fully at the present, but only after

base and OG&E requirements are incorporated. See the Systems Integration

section, for a more detailed discussion about the requirements and plans for

defining the utility interface in detail.
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Photovoltaic
concentrators

Plat jug
- Linear Fresnel so
- Actively cooled hf

- Low-temperature
loads (<14001)

F ur 8. Baseline pliotovoltatc system for Tinker AFB.

Array Sys4tem Control and Tricking Subsystem - The PV array system con-
trol includes the start up, sunk tracking, shut down, arid fauilt condit ions
that are incorporated in the control circuitry. The tracking systein is de-
signed to provide roll axis tracking accuracy of +0.05 degrees; till axis;
accuracy of +0.75 degrees; and automated controls to allow automatic roll
axis tracking and safe operation.

Roll axis control is self-starting, active tracking, and responsive to
insolation intensity and] fault conditions. Tilt axis tracking roquiiros per-
iodic manuial adjustments simultaneously positioning all 22 arrays Lo comnP0n-
sate for the declinat ion angle var iat ion, which occujrs over a 6-month per -

iod. Figure 41 illustrates the roll and tilt block diagrams for tine F-Svs-
tems tracking scheme (Ref 8).

8. M. O'Neill: A Fresnel/Photovoltaic Cnncentrator Application Exp.'r fif-fent

for the Dallas-Fort Worth Airport. phase I - System D~esign, Final *~h

nical Report, IDOECP/95311-l , March 1914
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Roll axis tracking control is provided by the tracking and control unit,
which is mounted on the master module of each array. The tracking and con-
trol unit provides:

(a) Automatic start of array track;

(b) One direction track;

(c) Bi-directional slew;

(d) Roll axis tracking error signal;

(e) Low insolation level detector and track inhibit;

(f) Insufficient insolation and return to stow signal;

(g) End-of-day return to stow signal;

(h) High-temperature limit return to stow;

(i) Loss of pump motor return to stow;

j) Reset tracking logic at stow in pr,.paration for the next day.

I.'



Roll axis tracking is single-direction track and two-direction slew.

The unit will initiate tracking and follow the sun until the end of day oc-
curs and a stow command is generated. Intermittent cloud cover will cause
the insolation level detector to generate a track inhibit command when the
low insolation threshold is violated. The arrays will stop tracking until

the cloud passes and the arrays restart and slew to the sun's new position.

A wind sensor mounted with the weather station provides a contact clos-
ure with a wind speed exceeding 45 mph (20 m/s). This switch action will

activate the tilt axis drive motor to move the arrays to the tilt axis stow.

Inverter Control - The Westinghouse inverter has a microprocessor -
based autonomous controller. No intervention or stimulus from an outside
controller is necessary for the inverter to: (1) automatically start when

sufficient solar array power is available; (2) connect the inverter to the
utility; (3) disconnect from the utility when sufficient solar array power

is unavailable or the utility is lost; peak power track; and provide auto-
matic shutdown when safety limits are exceeded.
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Parameter Requirements

Input voltage 200 to 300 Vdc

Output voltage 270/480 Vac, 3-phse, 60 liz

Output power rating 50 kW

Overload rating 150,", 1 minute

1252',, 5 minutes

Output current limiting Each phase

Efficiency 83% Minimum at 257 of full load

90% Minimum at rated load

Unbalanced load One phase limited to 1/3 of rated load

Power factor (PF) Rated power over 0.9 lead to 0.7

lagging P1

Output frequency Synchronous to utility

Free-running capability, 58 to 02 liz
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Instrumentation and Data Recording - Because the system is for prototype
demonstration purposes, sufficient instrumentation and data recording are

identified. Table 24 lists the measurements required along with typical

sample rates and recording rates.

Data acquisition and recording can be accomplished by a data logger like

the Doric Scientific. The data logger is the simplest and cheapest method
of acquiring the data, but the process monitor has the added capability of

performing limit checks. The advantage of the process monitor is that its
limit checking capability could be used to back up the autonomous safety

shutdown systems in the array field and inverter. The disadvantage is an
increased cost over a data logger. A hard copy and video display can be

used with either the data logger or process monitor to obtain real-time

data. The Westinghouse inverter has a display panel for inverter parameters.

Array Mechanical Subsystem - The photovoltaic array is composed of

twenty-two array assemblies built by E-Systems, Inc, of Dallas. Each array
consists of 10 collector modules mounted in a structural steel frame as
shown in Figures 42 and 43. In each array the modules are interconnected in
series, both electrically and thermally, to produce 2.5 kWe of dc power

and 13 kWt of thermal power. The twenty-two arrays are interconnected in
parallel to provide 55 kWe of dc power at 260 volts, nominal, to the power
conditioning equipment for conversion to useable ac. The thermal system for
the arrays is also connected in parallel to provide about 260 kWt of ther-
mal power to the plating tanks in the Electroplating Facility.

In Table 25, the key elements of the major components of the E-Systems
are described. Figure 44 shows the details of the collector assembly.

Thermal Distribution Subsystem - The thermal distribution subsystem is a
simple recirculation loop through which a 30% ethylene glycol/water solution

circulates, absorbing thermal energy in the collector field, transferring
the energy collected through a plating shop heat exchanger, and then return-
ing the fluid to the collector field. The thermal collection and distribu-
tion system is shown in Figure 45. The heat exchanger module, which in-
cludes the pump, heat exchanger, expansion tank, controls, and instrummita-
tion, will be located on the floor of the plating shop.

An over-temperature heat rejection unit will be located on the low bay
roof near the array field. This unit is sized to reject the total thermal
output of the array and will be used only when the plating tank thermal dis-
tribution system is inoperative in a failure mode of down for maintenance

reasons.

Figure 4b shows the thermal distribution piping to the low temperature
plating tanks in the south half of the shop. This piping will be located
under the tanks in the pit area. Figure 47 shows the typical piping detail
at a plating tank that has a nominal temperature requirement of 120 to
14 0 °F. Whenever the main solar distribut ion system is actiye, the control
valve will be open to allow flow to the plate heat exchanger in the tank.
By resetting the existing steam valves to the low end of the templratre
range, the solar system will be able to provide onergy to thh tank whemiver
the solar supply wat,,r is great.,r than approximately I 5 0 F.

/---
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Record
Sample rate
rate (per hour

Measurement Number (minute) or daily)

Array mechanical

Fluid temperatures 10 5 5
Fluid flow 2 5 5

Array electrical

Subarray voltage 22 2 3
Subarrav current 22 2 3
- Field energy 1 1 Daily
- Field power 1 2 3
Module voltages 2 3
Cell voltages 2 3
Cell temperatures 2 3

Power conditioning

Inverter input dc voltage 1 5 3
Inverter input dc current 1 2 3
Temperatures 8 2 3

Current 3 5 3
Voltage 3 2 3

z Power (real) 3 5 3
0 Power (reactive) 3 5 3
Frequency 3 2 3
[nput power L 3
Input energy I I Daily
Output energy 3 1 DailY

Control

Array status 8 "
Inverter status 10 12
Utility status 3 2
Swi tch pos it ions 12

lt~rgcc~powur ''s LQPA

. t ltUs 1 2
dut!iut volai I ,t.-
O)utput curr,.it i 9

*he plate hetexchangers used in th' plat in soloutions drY. a 'jendr-
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Sample Record

rate ra te
Measurement Number (minute) (per hour)

Insolation & weather

Direct normal insolation 1 2 3

Total tracking insolation 1 2 3

Wind speed 1 2 3
Wind direction 1 5 3

Barometric pressure 1 5 3
Ambient air temperature I 5 3
Precipitation 1 5 3
Date & time Each Each Each

Record Record Record

System Integration

Requirements and Constraints - The significant requirements and con-
straints have been identified for a photovoltaic application at the Tinker
AFB electroplating facility and are summarized in Table 26. The key re-
quirement is for 100% backup of electrical and thermal power to meet the

critical mission of the plating facility. Maximum service life of 25 years
should be a design goal for all photovoltaic systems being developed today
because this will increase their economic practicality on a life-cycl'e cost

basis.

Utility Interface - The focal point of integrating the PVPS with the
plating facility is the utility interface. By interfacing the solar in-
verter at the 460 Vac/3-phase/60 Hz bus, the simplest, most cost effective

interface will be achieved. This interface will have minimum impact on the

plating facility.

The baseline approach to the utility interface was shown previously in
Figure 34. It is expected this interface will be at a four-wire, 48U/3-
phase/60-llz bus in the plating facility. The inverter will have transformer

isolation between its dc input and ac output so there will be no chance of
an electronic failure allowing dc to appear on the ac bus.

At a minimum, manual safety switches for isolating and bypassing the
solar inverter are anticipated. The utility interface can only be defined
and documented with the active participation of the base power distribution
office and Oklahoma Gas and Electric Company. if any further action is

taken at Tinker AFB both the base power distribution personnel and (X;&E
should be made team members from the beginning. The importance of this

7 C
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Collector assy

To manifold

Roll drive assy

Roll axis Fixed roof mountbearing Structural frame

Tilt drive shaft
Intercollector fluid line

Array interconnect
fluid line with To manifold
service loop

Vl i ure 42. Pho tovoILaic ('oICLt I tor Is ' , I-,v<;tLi:<-.

"institutional" interface cannot be overemphasized because either the base
or OG&E could prohibit a photovoltaics application from generating power in
parallel with the existing system.

Performance Summary for Baseline 50 W System

Figure 48 summarizes the performance of the 50 kW system. Based on Ole,
total solar energy available (1057 MW-hr/year) at Tinker AFB, the total

utility capacity and natural gas displaced were determined to be 80,61)
kW-hr/year and 2.4 million cubic feet/year, respectively. Figure 49 shows
the I-V curve of one modulo measured by E-Systems at 100 /c~'- insol.aItion.

The annual performance of the thermal subsvstern was compu ted with t he
SOLCOST solar energy design program (Ref ')). The SOICOST thermal analys is
algorithm performs onte averag, lay simulati ion tor eachi month of| Lli ye ;ar and
takes into account the fol lowin gi fi'ctrs,:



(a) The solar collector is modeled with an efficiency curve shown in
Figure 50.

(b) The average day simulation is driven by a synthetic direct normal
solar radiation model based on site dependent clearness numbers.

(c) Thermal storage effects, including time dependent thermal load
delivery.

(d) Piping and storage tank insulation losses.

Details of the SOLCOST thermal analysis method are presented in Appendix
B.

Significant output from the analysis was that the net solar energy de-
livered to the plating tanks amounts to 1158 kW-hr/day or 21.4% of the 5380
kW-hr daily load. This converts to an annual displacement of 2,404,000
cubic feet of natural gas for a cost savings of t4640 at 1979 gas rates.

Figure 51 shows the projected thermal performance is essentially linear
as a function of system size.

The E-Systems concentrator is an excellent thermal collector; however,
the piping losses and heat exchangers degrade the total system performance
significantly. Figure 52 shows the E-Systems energy balance on their con-

TI
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TAB1LE 25. I'll )'i')OLTA.\['OS FY' \RAY SP1'i:F!j o

Component Doscr iption

Collector module

Housing structure 10 modules iper array V

Lntegral roll axis shaft or axial L

Roll axis drive sheave intte ,rai
with end plate

Environmental lens 1, joint seals
Luns 3-mm thk curved acrylic for whole

aperture
Receiver assy 33 silicon solar cells mounted in

series on copper heatsink
Copper heatsink braised to a 13-mm

dia copper tube
Polyurethane insuilat ion betx,,eeni

receiver and housing,
Suppor ted alonp full length of boos i n.

Drives 3 3a

Roll axis drive 5 watt, ac-pulse dr ive
Single linear actuator per arra\:
Closed loop active tracking in.

s ingie direction

130' sky. coverage
Slekv. Speed - 5,/rmiui

Tilt-axis drive 5) watt, ac drive
Trhree linear actuators driven

by common shartt
M-anual jog control o(r peritodic
adj us tment

Remote tilt pet ition indication

Slew speed - 1 3/4 0 /min

Array structure

High stiffness/weight ratio sheet
steel frame

Approx 14.6 m x 3.0 m
Tilt axis at south face

Interfaces

Self aligning bearings for
module/frame mount

Ten nodules wired in series to
provide 260 Vdc output

Ten modules plumbed in series for

c o o a n t fl u d f o wTo ta l a r r a y w e ig h t 2 544 lb )
Weight/aperture 10.6 lb/ft-

79
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centrator at PRDA-35 design conditions. The Tinker AFB appliction requires
higher cell operation temperatures (i.e., 750C vs 550C design point for

E-Systemus) in order to provide useful heat to the plating tanks, thus re-
sulting in increased losses from the solar collector and piping systems, and
reduced electrical output due to the higher operating temperature (by a fac-

tor of -0.5% per OC).

Low temperature
tanks

100 F to 140OF

I'0@

array
f i 1 ld

9. R. Cioliiis , D. Hull1: SOLCOST-A Solar Energ DesiQp lPro,12yi. P'voc.-d I ng'

ot Systems Simul ation and Economic Analys;is ( nfe.renc ',.. H niary
1980 San Diego, CA. SERI/TP-35)1-431 (Solar hitergy Resonir I nstI.iLito
Golden, Colorado).
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SECTION V

COST ANALYSIS

Life-Cyclh- Cost Analysis

The Tinker AFB photovoltaic application was subjected to a life-cycle

cost analysis to determine the cost effectiveness of the system relative to

other energy alternatives. Obviously photovoltaics will not displace util-

ity-generated baseload electricity which can be purchased for 2.2 cents per

kilowatt hour at this time. However, the life-cycle cost results and sensi-

tivity projections, which are presented in this section, can be useful for

comparison with alternative energy sources for Air Force facilities.

Approach to Economic Analysis - The approach to the ecoiiomic evaluation

of photovoltaics at Tinker AFB consisted of the following steps:

(a) Determination of a nominal system size and the delivered electri-

cal and thermal energy;

(b) Estimation of initial 1979 installed costs which established a

baseline for projected future system costs that accounted for:
- Learning curve improvements at higher production levels,
- Cell efficiency improvements,
- Cell cost reductions;

(c) Calculation of levelized annual costs and benefits in constant

1979 dollars for several near-term start-of-operation dates. The

sensitivity of these costs to system initial costs, energy esca-

lation scenario and system size .ffets was also investigated in

the study.

Our method for computing levelized sy,;tem costs Is ,iv en in Appendix A.

The analysis is greatly simpl ified by the fact that the U.S. Govrmiemlt owTs
the system. The effects of taxes, utility debt structimr , arn(] project 1i-

nancing obviously can be ignored in th, analysis. L-voliz,,I amniinal cots
for the photovoltaic system were cmptited from the following:

LAC CRF ( UWFiX,- + P'4ObM)

Ch a r ge

L'AC = Level ized annual cost

CRF = Capital recovery factor



PWFixe d  = Present worth of capital costs
Charge

PwWom z Preseut worth of operating and maintenanlce ('osts

The capital recovery tactor is given by:

CF = r(l+r)N
(I+r)N-I

wnr,! is the (I scount rate and N is the system lit,:tim in years. A dis-

-imint rate of oy and life of 25 years were used in this analysis.

The present worth of the fixea charge component s glve by:

P'Fixe d  
F . FCR. CCF
CR F

Gh a r ge

where:

I = Initial cost of the syStem

FCR Fixed charge rate

C F Construct ion cost factor which accounts for interest dur ing
construct ion ( ignored in this analysis)

The fix ed charge rit, (FCR) re presents tie yearly cost of ownership, in-

I oi ,ig debt interest and princ ipal payments, returr on equity (not applic
able for Air force ownership) , insurance, local taxes and the effect of

Iaxes (obviously also not appl icable here) . For the case of zvro t ax-; ald

oisirace, the fixed charge rate reduc,,s to the capital recovery lacl t

Tht opra i m and mai ite,1nance term is given by:

P1\() A &M - M

where M -

AO& M = Annia I Operat ing and Ma n to nanc , Cost

M = Level izing value for c()&M costs whit-h escalate over the lit-

t ime beca usv of in f I at ion

The parameeter M is computed from the following:



M = r(l+g) (l+r)N - (l+g)N

r-g (1+r)N - 1

where g is the annual inflation or escalation rate.

In order to compute levelized annual costs in constant base year (1979)

dollars, a discount rate that accounts for inflation over the system life

must be used. This rate, denoted by r', is given by:

re = (l+r) _

The above equations can be re-arranged (see Appendix A) to express the

levelized annual costs in constant dollars as follows:

LAC(Constant ) -- CRF' IC .FCR + AO&M
CRF

where CRF' is based on the inflation dependent discourt rate r' defined here.

The levelized annual benefits resulting from the energy cost savings of

the photovoltaic system are given by:

LAB(Constant %) = .Mf Po . E
CRF

whe re:

Mf = Levelizing value for the escalating cost of fiel

PO = Energy price in year zero of system lif-

E = Quantity of energy displaced by PV systrm

If the 1evelized annal benefits exceed the levelized anntial cots, the

systpm is economically workable. The break-even svstem cost , trs whion LAC
and LAB are ejimal.

Scenario and Key Assumptions for Photovoltaic Economic Analysi, .- 'fable

27 summarizes the inputs to our life-cycle -()st analysis for the Tinker
electroplating application. The baselint, oscalation scenario wa; taken Itr,,1

the Batt.,lp cStudy (Ref 1) for their "high" forecast, which was
in 1971. Rece,'t events in 19 havfe now rais*, i l pri ci.s to tO,- i-1:11

where Ba ttelle's "high" " ctnario now appears to he a meritp
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System Life -5 years

Maintenance 1-. 5" per year of ilit Lal -L)St-

Discount rate LOZ,

intilation

Salvage value 0

Replacement costs 0) (included in maintenance)

No0 financing of initial cost (i.e. , 100) down payment)

Liectricitv Natural gas

1980-1985 II 1~ r.'y

1986-1990 .I1L

1990-2005 6.6 7.5

MNdiord n med ti l ilt i"1n c mr i nll I IC~ Al IC v Litl f

Our estimates of installed costs (in 1979 dollars) for our selected pre-
iminary des ign are described in Init ial Cost Summary, which fol lows . In1

projecting, these estimates into the 1980s, the assumptions shown in Table 28
were rade. Not ice that only silicon technology was cons idered in the pro-
jer t ions . Other cell materials would reqo ire higher conct rat ion level s

50OU-2000X) wi th major sys tem di fferences from the prel iminary des ign evalIn-
ated Lin this study.

Li f.-Cycl1e Cost Resul ts - The key parameter in thle evalu at ion of t he
II fe -cycle- Cost for a photovol ta ic sys tern is the estimatc- oft in itial ITin-
s;ti led costs for the total system. Thie fol lowing sect ion presents the dc-
tli s of the cost estimates. Figure 53 shows the resuilt ing total sv.~toni-
instal led cost in 1979 dollIar,, per peak watt for a nominal 50J kW phoLovol ti-
c / hermal system. The scenar io for improvements in concent ra tor coel ci -

ticiencip- is also shown in Figure 53.

Ce IIU t 1 i(2ion1CV CL!i I ocIUt 1973
Year at 50%,(I(Na

1982 16 o .2

1985 + lIa).?
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Given the above initial costs and the baseline scenario for the fiaan-
cial parameters shown in Table 27, the levelized annual costs and bencjits
for the 50 kW system were computed for project start of operation dates
ranging from 1979 out to 1990. Figure 54 shows the sensitivity of the annu-
al benefits to the rate of price escalation for gas and electricity at
Tinker AFB. The range of escalation rates chosen for gas and electricity
were intended to bracket the effect of fuel escalation on the levelized sys-
tem costs.

Inspection of Figure 54 shows that if the fuel costs for the existing
system rise at 16% per year, then the 50 kW system could be economically
justified in 1988. If fuel costs rise at 12% per year or less, the solar
system would not be economically practicable until the late 1990s. No cost
projections were made beyond 1990 system startup dates due to the large un-
certainties in initial costs and fuel escalation scenarios.

The preceding analysis was repeated for nominal system sizes of 100 kW
and 500 kW to investigate potential cost reductions due to large scale in-
stallations. Savings in design, integration, and checkout activities accrue
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for these larger systems. Figure 55 shows the projected cost in dollars per
peak watt for the 100 kW and 500 kW system sizes. Figures 56 and 57 show
the corresponding levelized annual costs and benefits for the baseline eco-
nomic scenario. The break-even points (i.e., LAC = LAB) for the 100 kW and
500 kW systems move up to 1985 and 1984, respectively, for the 16/ fuel es-
calation, thus reflecting the increased cost effectiveness of the larger
systems.

Initial Cost Summary - Table 29 summarizes our estimates of labor and
material required to build and install the 50 kW photovoltaic system at
Tinker AFH. KeY assumptions made in the estimating process inclidLd:

(a) Solar cell costs will meet DOL's goal of 0.25 $/cm 2 (in 1975 $)
by 1982. These cell costs were assumed to increase with iuitla-
tion from 1982 on.
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Figure 55. Total cost per peak watt for 100 kW and 500 kW

photovoltaic systems.
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(b) Solar cell laydown costs increase with inflation from 1982 on,
and at the same time cost reductions are being achieved on a 90'.

learning curve.

(c) Assumed annual production levels for the L-Systems concentrator
were:

'982 2.5 x 103 m2

1985 104 m2

1990 105 m2

(d) 90Z learning curve for the E-Systems concentrator.

The labor and material estimates were priced out for assumed project
dates off 1979, 1982, 1985, and 1990. Overhead rates were then applied to

the cost elements to arrive at the cost summary shown in Table 30. The
bottom line costs were then converted to 1979 $ arid used to compute the

installed cost per peak watt, which have been presented above in Figure 53.

TA.BU %I 30. IN MII[\ . tt.; l.:','h t~ )) l',
PtIotTOVO)I.T.I 'C S Ib, l I(

1979 1982 1985 1990

Direct costs

PV concentrat irs 500 352 342 34o

Other materials 301 301 328 185

801 653 670 731

Labor 183 197 148 160

Indirect costs

Design, test labor (100%) 115 97 07 7(0

Installation labor (63K) b8 b3 51 57

General and administrative 199 172 159 173

overhead, 17%

Fee, 10% 137 118 109 11)

Total, current $ 1510 1302 1204 1310

(1979$) 1510 979 780 665

Inflation scenario for current $ estimate: 1979 14',
1980-82 8'
1983+ 5:1

9)



The above process was repeated for the 100 and 500 kW systems, with the
resulting cost summaries shown in Tables 31 and 32. As expected, signifi-
cant savings over the 50 kW system were projected in design, fabrication,

and test labor area-.

Cost Estimates for E-Systems Photovoltaic Arrays - Array material costs

were accumulated by E-Systems on their PRDA Phase I contract (Ret 7) using
DOE guidelines fur material unit costs. Table 32 shows the resulting cost

breakdown for the array materials when purchased in large quantities in 197q

$ (except for the cell costs, which are shown in 1975 $). E-Systems is cur-

rently bidding thermal concentrator projects at 323 $/m 2 , FOB their Dallas
plant. Their photovoltaic concentrator presently cos's slightly over 1000
$/I:2, largely due to the high costs tor solar cells. This 1I0Jo $/m 2

figure was used in this study for 1979 cost estimate for the E-Systems

concentrators.

.BIl. 31 . INI I . ( S' >L\KY 100( 10 It kW 1't OV I.TAI

i 979 1.983 199)

Direct costs

PV concentrators LoUtJo 6 /4

Other mate:rials -+ 8 1 57o o9U

L46 l L2o I 38.:

2 1 S 1.] ,

I tI,. i roc t c~us ts;

SSi; ", st ab r (1, 0') . 16 67 70)

Instal I Iation 3Iabor (u3T ) 8 73 7.'

Gteral & a,tministrat ve
t)ver:,Lad , ; LI.b 269 29)

Fe'e , 1(. 218 .:uu

Tota , current $ '39 .0ui 211'

(lVi/) S3 :394' 1.'!9 111

a rl ILit Io scenarL o L -or curret! . t i a Lt :
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T\BIAI' 32. INIT .\I. COI SI'>IMARY I4)N ')()) K! ' 1tll I I)V I. il

SYSII!I , I'I(11: 1 $1,09)

1979 195 0

Direct costs

PV concentrator 5000 3'420 3460

Other materials 1766 2222 2678
6760 5642 6156

Labor 429 430 414Z

Indirect costs

Design, test labor (1.002:') 86 67 7U

installation labor (b3.,) 216 229 217

General & administrative
overhead, 172' 1274 1082 11u2

Fee, 10', 877 745 8()U

Total, current $ 9L,.9 8196 8802

(1979$) 949 5311 4467

Inflation scenario for current estimate: 1979 14
1980-82 S *



SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

The basic plating facility load requirements were determined to be 733

kWe/day and 446 kWt/day. The modular size of 50-kW photovoltaic system

was found to be acceptable. The most desirable location for the photovolta-

ic array is tile building roof adjacent to the plating facility. This roof

has sufficient surface area to accommodate several hundred kW of photovolta-

ic arrays.

The simplest and most cost effective photovoltaic system configuration

is that of an all-electric system consisting of array and inverter with peak

power tracker, and no energy storage (electrochemical or thermal). Thermal

distribution system can interface directly with the plating facility but was

found to be costly because of extensive distribution piping and exotic heat

exchangers required.

The initial installed cost of an actively cooled PV/thermal system was

determined to be $28.00/W and $25.00/W for an electric-only system. The

life-cycle co;st analysis indicated that the photovoltaic power system cannot

compete economically in energy and capacity displacement with conventional

power plant in the immediate future.
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APPENDIX A

RO01,' LOM)ING EVALUATI()N FOR

PHOTOVOLTA[C SYSTEM BY TINKLE :\FB

FACILITY CIVIl, ENGiNI'ER

DEPARTMENT OF THE AIR FORCE

HEADQUARTERS OKLAHOMA CITY AIR LOGISTICS CENTER AFLC,

TINKER AIR FORCE BASE OKLAHOMA 73145

25 May 1979

Roger T. Giellis
Martin Marietta Aerospace
Post Office Box 179
Denver CO 80201

Dear Roger

Thank you for the copy of the progress report. With re'erence to the
request in your letter, I forwarded the data on the candidate systems
to Civil Engineering. Enclosed you will find their preliminary analysis
concerning the roof loading capabilities of building 3001 to support
the items listed in tahlo Al. Suhspquent actinn or! tko -ystem
configuration revealed it would be feasible to column line this structure
on an east and west basis by using external supporting beams above the
roof to support the legs or ground mounts. This installation could
possibly be located over the low bay roof area.

If you desire any additional information, please don't hesitate to
call. I intend to be on leave during the first two weeks of June 1979;
however, Mr. Charles Brittain will be available to handle any requests
durinqi the interim.

Sincerely

J/CK A. MARTIN 1 Atch
loqistics Research & Systems Division 2854/DEEE Ltr, 17 May 79
Directorate, Plans & Programs

AECEDiNG PAGE BIANX-NOT Ti AAB



DEPARTMENT OF THE AIR FORCE
HEADQUARTERS 2B5TH AIR BASE GROUP -AFL C

TINKER AIR FORCE BASE OKLAHOMA 7J145

tO17 y
.EEE (Mr. Tateya, 5236)

Roof Loading Evaluation for a Photovoltaic System (Your Ltr, 2 May 79)

OC-ALC/XR

1. Preliminary investigation on roof of Bldg 3001, for subject loading,
disclosed the following:

a. The Turntable-Parabolic Troughs (general electric) could possibly
be installed over the high bay roof area (between column lines X-Y).
However, because of the excessive imposed loads to the roof trusses, the
existing bridge crane operation would have to be eliminated throughout
the high bay area. The low bay roof area does not have enough open area
to accommodate the large 140 ft diameter system. Complete structural
analysis and review of proposed system would be required.

b. The Pedestal-Point Focus Fresnel Lens (Martin Marietta) and
pedestal-parabolic troughs (Honeywell) could possibly be installed over
the low bay roof area. These pedestals could be located directly over
the existing building columns (50 ft by 60 ft spacings). The existing7
columns would have to extended through the roof to support any pedestal
system.

c. No sketch was provided for the 112 axis tracker linear fresnel
(E-systems), therefore, it was not evaluated.

d. Installation of a storage tank over the lean-to does not appear
to be feasible, because it would overload the footings. Recommend storare
tank be located on the ground.

2. If additional information is desired, please advise.

"':C vi Eninecr

102L _ _ _ _ _



APPENDIX B

SOLCOST THERMAL ANALYSIS APPLICATION TO TINKER AFB
ELECTROPLATING FACILITY

INTRODUCTION

The SOLCOST solar energy design program (Ref BI) was developed in 1976
under the auspices of the U.S. Department of Energy. The program predicts
the annual solar system performance for a range of collector areas and then
determines the optimum collector area based on a life-cycle cost analysis.
SOLCOST is based on a detailed simulation for an average day for each month.

An iterative procedure was developed for Version 2.0 to assist SOLCOST
users in estimating the starting collector inlet temperature, which is the
key to tile SOLCOST average-day method. The procedure consists of an itera-
tive process that checks the storage temperature at dawn against the previ-
ous dawn value. If the difference is outside a reasonable limit, the aver-
age-day analysis is repeated using a refined estimate of the dawn storage
temperature. The important element of this one-day simulation is the energy
balance on the storage tank. All energy delivered to storage either satis-

fies the load or is lost through the tank insulation. The methodology of
this procedure is described below.

THERMAL ANALYSIS METHOD (Excerpted from Ref Bi)

The SOLCOST solar system evaluation method is based on an hour-by-hour
simulation performed one day per month. Key assumptions made in the analy-
sis include:

(a) Collector efficiency is characterized by a straight line with inter-

cept Fr r~and slope Fr UL;

(b) Unstratified liquid storage;

(c) Collector inlet temperature is equal to storage tank temperature (if
a heat exchanger is present, the collector parameters must be de-
rated with the technique described by F. de Winter (Ref 82).

Ref. Bi. R. Giellis: SOLCOST - A Solar Energy Design Program. presented
at Systems Simulation and Economic Analysis Conference, January
23-25, 1980 San Diego, Cal, SERI/TP-351-431.

32. F. deWinter: "Heat Exchanger Penalties in Double-Loop Solar
Water Heating Systems." Solar Energy, 17, p2 3 5, 1970.



The essence of the average-day approach consists of performing i i k v
energy balance on the solar systen with the col lected solar onergy t f-lr

we ighted with a simple [actor that accounts for the long-term vartabili i tI

the incident solar radiation. This weighting factor PP is a direct luc: iw
of the long-term daily average horizontal insolation available at tht L,'.

It is computed from the relation

Hit - 11hd,cloudy

Hh,clear - thd ,cloudy

where

PPi- weighting factor for month i,

Hh  daily average total horizontal insolation for month i (from SOIMT
data in SOLCOST weather data bank),

t4h,clear = SOLCOST model-generated clear-day total horizontal insolation
for month i,

Hhd,cloudy = SOLCOST model-generated cloudy-day total horizontal insola-
tion for month i.

The terms Hh,clear and Hhd ,cloudy are computed from integration ot
the clear-dav and cloudy-day terms Iclear and Icloudy generated by the

SOLCOST radiation model.

Iterative Procedure for Starting Inlet Temperature - An iterative prc-
ess is used to determine the long-term average dawn storage temperature for
each month of the year. Four steps are performed each hour iu the one-day
simulation, including:

Step I - Collector efficiency given by

?7c = FrTd- Fr Ui (Tin - Tamb)/1 i -2

where

c - collector efficiency,

Tin - collector inlet temperature,

Tamb - ambient temperature constructed with a cosine function of Trnin
and Tmax,

I - solar irradiance (Iclear or Icloudy),

FrY t- intercept of collector efficiency curve (input),

Fr Ul, - slope of collector efficiency curve (input).
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Collector efficiencies clear and cloudy are computed for clear-day
and cloudy-day values of the solar irradiance Iclear and Icloudy using

the same ambient temperature and inlet temperature for each calculation;

Step 2 - Useful collected solar energy

QU = (PPqclear Iclear + (l-PP)9cloudy Icloudy) 1 t CA [B-3J

where

QU = useful solar energy from the collector,

PP = weighting factor (defined above),

77clear = collector efficiency, clear day

17cloudy = collector efficiency, cloudy day

I = solar irradiance,

CA =collector aperture area,

1t= transport efficiency (i.e., for piping losses from collector to stor-
age);

Step 3 - Load determination, a user input (on a daily basis) that is
then removed from the thermal system on an hourly basis as a function of am-
bient temperature or by a user-specified load distribution profile;

Step 4 - Storage tank temperature that is assumed to be the same as the
collector inlet temperature in SOLCOST. The new storage tank temperature is
calculated by summing the energy added to storage (Step 2) and the energy
removed from storage (Step 3) and dividing by the storage capacity and add-
ing this to the old storage tank temperature as

TSnew = TSold + (QU - QLOSS - LOAD)/(GF*CA*8.337) [B-41

wh e re

TSnew = new storage tank temperature,

TSold = old storage tank temperature,

QU = useful energy collected,

QLOSS = storage losses,

LOAD = system load,

GF = gallons of storage per square foot of collector,

CA = collector area.
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The storage tank temperaturee has user-imposed upper and lower limits.
This means that the storage temperature cannot rise above a specified value
(default is 2000 F) and cannot drop below another specified value (default
is 1000F).

These four steps are repeated every hour from sunrise until sunset. At
sunset the remainder of the load is removed and the final storage tempera-
ture is computed (subject to the minimum storage temperature constraint).
At this point a final storage tank temperature, which is the storage tank
temperature after the load was removed, is available. This final storage
tank temperature is then compared with the storage tank temperature used to
start the hour-by-hour calculation. If they differ by more than some toler-
ance (default is l0 F), a new starting storage tank temperature is calcu-
lated and the hour-by-hour simulation is repeated. The new starting storage
tank temperature is based on the calculated final storage tank temperature,
the useful energy collected, an(' the load. When the temperature convergence
criteria are satisfied, monthly jalues for the energy terms are computed by
simply multiplying the daily terms by the number of days in the month. This
process is repeated for each month of the year.

SOLCOST Application to Tinker Electroplating Facility - Table BI lists
the SOLCOST inputs used for the Tinker AFB Analysis. The E-Systems collec-
tor parameters were input via lines 14 and 15, and the thermal capacitance
of th plating tanks was accounted for with line 17 where a value of 13.07
gallons/ft2 of aperture area was entered because the aperture area for a
50 kWe system is 490 m 2 (5275 ft2, input on line 21). The minimum
allowable plating tank temperature was input at llOF.

Four runs were made with the collector aperture area being increased in
each run to simulate larger systems. Key results from the baseline 50 kWe
(490 m2 , 5275 ft2 aperture) SOLCOST run include the monthly thermal sys-
tem energy balance shown in Table B2. The conventional system energy shown
in Table B2 represents the input energy requied by the existing natural
gas-fired boiler to heat the low temperature tanks in the plating facility.
The energy balance by month is given by:

SOLAR + AUXILIARY = LOAD

or Useful Solar + boiler (Aux.Energy)= boiler (Conventional Energy)

Energy

A value of 60% was input for the boiler efficiency. Another key output
from the analysis is the temperature summary by month for the plating tanks
(i.e., storage). Table B3 shows the plating tanks did not budge off their
lower set point of 110OF for the 50 kWe system. Also shown in Table B3
is a storage insulation loss column, which has been set to zero for the
Tinker AFB analysis. This was done because the actjal heat losses from the
plating tanks were accounted for in the load term input to SOLCOST.
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TABLE Bl. SOLCOST INPUTS FOR TINKER AFB ELECTROPLATING FACILITY TANK
HEATING ANALYSIS

SOLCOST
INPUT DATA

LINE NO. VALUE PARAMETER DESCRIPTION

1 1 HOT WATER HEATING SYSTEM
2 0.73 TRANSPORT EFFICIENCY (I.E., PIPING LOSSES)
3 110. COLLECTOR INLET TEMP (INITIAL GUESS)
4 1 NATURAL GAS FOR REFERENCE SYSTEM FUEL
5 0.60 60. EFFICIENCY FOR N.G. REFERENCE
6 1 NATURAL GAS FOR AUXILIARY
7 0.60 60. EFFICIENCY FOR N.G. AUXILIARY SYSTEM

10 21 COLLECTOR TYPE, E-SYSTEIS
11 8 RADIATION INPUT, DIRECT NORMAL ONLY, FULL TRACKING
14 0.57 COLLECTOR EFFICIENCY (INTERCEPT ON CURVE)
15 0.5035 COLLECTOR EFFICIENCY (EFF AT 0.5)
17 13.07 THERMAL STORAGE PER UNIT COLLECTOR AREA, GAL/SQ FT

(TOTAL PLATING TANKS VOLUME 68950 GALLONS)
21 3 FLAG TO RUN SINGLE COLLECTOR AREA ONLY
22 5275. COLLECTOR AREA, SQ FT FOR 22 E-SYSTEMS M\RRAYS
25 218 LOCATION FLAG FOR OKLAHOMA CITY
27 1.0 CLEARNESS FACTOR
36 0.90 0.84 0.84 0.85 0.83 0.86 0.83 0.79 0.85 0.87 0.86 0.90*

CLEARNESS NIUMBERS BY MONTH
41 3 LOAD METHOD FLAG
49 18.36 DAILY TOTAL PLATING TANK LOAD, MILLION BTUS/DAY

141 0.05 CONVERGENCE CRITERIA ON DAIN STORAGE TEMPERATURE
143 110. MINIMUM ALLOWABLE Pl-ATING TANK TEMPERATURE
145 1 FLAG TO PRINT PLATING TANK TEMPERATURE
150 ARRAY OF HOURLY LOAD REMOVAL RATE FRACTIONS

0.04166 0.04166 0.04166 0.04166 0.04166 0.04166
0.04166 0.04166 0.04166 0.04166 0.04166 0.04166
0.04166 0.04166 0.04166 0.04166 0.04166 0.04166
0.04166 0.04166 0.04166 0.04166 0.04166 0.04166

156 0.0 ZERO STORAGE TANK INSULATION LOSSES BECAUSE THIS
IS ACCOUNTED FOR IN THE LOAD
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TABLE B2. SOLCOST COMPUTE'D SOLAR FRACTIONS AND MONTHLY INFRGY kAl ANCI
50 kWt SYSTEM

ENERGY BALANCE BY MONTH IOR 5280 .0 SQ I I ( O)ELE(TO(N

AVERAGE USEFUL TOTAL USEFUL AUXILIARY COIVENTIONAL
FRACTION SOLAR PER DAY SOLAR ENERGY ENERGY SYSTEM1 ENERGY

MONTH BY SOLAR (BTU DAY-SQ FT) (MIL BTU MO) (MIL BTU MR)) (N.!IL IT( !

1 0.159 551.3 90.24 798.20 948 .2
2 0.183 635.3 93.99 700. 15 356 .0
3 0.209 72-7.8 119.12 750.07 94,8).60
4 0.226 787.4 124.73 710.12 918 .0
5 0.234 12.5 132.98 726.96 u48',.60
6 0.266 924.1 146.38 674.04 916.0
7 0.267 929.0 152.07 695.16 94,;.60
3 0.254 334.5 144.77 707.31 942;.60
9 0.226 785.8 124.48 710.54 918.00

10 0.214 743.9 121.77 745.66 94 .60
11 0.180 624.6 98.94 753.09 91;2.00
12 0.153 533.6 87.34 803.03 948.60

ANNUAL 0.214 1436.81 8774.32 11169.00

NOTE 1 CONV ENERGY AND SOLAR AUXILIARY ENERGY ARE GROSS VALUES
(I.E., THEY INCLUDE TANK INSULATION AND/OR COMBUSTION LOSS)

TABLE B3. PLATING TANK (STORAGE) TEMPERATURE SUMMARY,
SOLCOST OUTPUT, 50 kW SYSTEM

e

TEMPERATURE AND ENERGY INFORMIATION FOR COLLECTOR AREA 5280.

STORAGE STORAGE
DAWN TE1PERATURE LOSSES NUMBER OF

MONTH (-F) MAXIMUM (IF) AVERAGE (BTU DAY) ITERATIONS

1 110 110 110 0
2 110 110 110 0 1
3 110 110 110 i
4 110 110 1IC 0
5 110 110 110 0
6 110 110 110 o
7 110 110 !11 0 1
8i 110 110 110 01
9 110 110 110

10 110 1I0 11
11 110 110 110 1
12 110 110 10 1



APPENDIX C

LIFE-CYCLE COST METHOI)

Levelized Annual Cost

True life-cycle cost analysis must necessarily consider the timing ot
costs and benefits as well -is the magnitude. A simple approach is to com-
pare Level ized Annual Benefits (LAB), which represents system energy saving:,
with the Levelized Annual Cost (LAC), the levelized dollar amount roquired
t ) own, operate, and mantain a system during each year of the life of the
system. Specifically, the levelized annual cost accounts for:

(a) "'Paying off" system capital costs

(b) Paying for operating and maintenance expenses

(c) Paying taxes

(d) Paying a return to investors and interest to creditors

(e) Building a capital fund for periodic component replacement, over-
haul, and retirement of debt.

The levelized annual cost, denoted by LAC, is given by:

LAC = CRF X PW Ill

where CRF is the capital recovery tactor and PW is the present worth of the
year-by--year revenue reploirements throughout system I ife.

The following sections describe the analytics for computing LAG & LAB as
applied to photovoltaic systems tor various user-types.

Capital Recovery Factor, CRF - The capital recovery factor is the uni-
form periodic payment, as a fraction of the original principal, that will
fully repay a loan (including the interest rate). The interest rate used to
calculate CRF is called the discount rate and represents the weighted aver-
age cost of capital. Analytically, the capital recovery factor is given by:

CRF r(l+r)N [2]
(I+r)N - I

1I))
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where r is the appropriate annual discount rate and N is the system lifetime
in years. The discount rate, r, varies with the application. Values of

0.09, 0.072, and 0.10 have been used for the utility, residential, and in-
termediate applications, respectively. Federal projects require a discount
rate of 0.10.

Present Worth, PW - The present worth is analogous to that amount that,

if deposited in an interest bearing account at the discount rate, would per-
mit annual withdrawals to pay all system costs and diminish to zero at the
end of system life. For evaluation of PV systems, the PW is composed of two
components: (1) a component accounting for capital costs, and (2) a compon-
ent accounting for the cost of operation and maintenance (O&M).

The total present worth is given by:

PW = PWfixed charge + PWO&M 13]

The fixed charge component is given by:

IC . FCR .CCF
PWfixed charge - CRF [41

Here, IC, is the total capital cost of the system and CCF is the con-
struction cost factor accounting for interest during construction of the PV
system.

The parameter FCR is the fixed charge rate and represents the yearly
cost of ownership, expressed as a percentage of the capital investment,

IC. These costs consist of capital outlay, taxes, and insurance. An ex-
planation of the fixed charge rate and its derivation is given in the fol-
lowing subsection.

The second component in equation (3) accounts for system operation and
maintenance. This is given by:

PWO&M = AOM . M

CRF

This is similar in form to equation (4), but with diftetrent paraint-.rs.
AOM is the cost of operating and maintaining the svstem.

The parameter M, defined as the levol ize' value of an escal atink' cost
stream, accounts for the fact that AOM j.; incr-a!;tng,, over the I itfe ine ot

the system hecause ot inflation.

r (I (1 t ) - i
r - ,l + r) N - 1



where g is the annual inflation or escalation rate.

Substituting equations (4) and (5) into equation (3) yields:

PW =-I Ic . FCR . CCF + M (AOM) [71
CRF

Fixed Charge Rate - The fixed charge rate (FCR) represents the yearly
cost of ownership, expressed as a percentage of the investment, IC. These

costs consist of debt interest and principal payments, return on equity
(where applicable), insurance, local taxes, and the net effect of Federal

taxes. The concept of the fixed-charge rate comes from electric utility
financial analysis, but has proved to be applicable and convenient in the
analysis of other sectors as well.

The residential energy user has one important difference from other en-
ergy consumers in that energy is not a tax deductible expense. The effect
is best shown by example. Consider an industrial and a residential user in
48 and 20 percent tax brackets, respectively. Assume each has $1000 of be-
fore-tax income and is evaluating $100 energy purchase:

Corporation Homeowner
Without With Without With
energy energy energy energy

Gross income 1000 1000 Gross income 1000 1000
Deductible expenses 0 100 Deductible expenses 0 0
Taxable income 1000 900 Taxable income 1000 1000
Federal taxes (48%) 480 432 Federal taxes (20%) 200 200
Net income 520 468 Net income 800 800

Less energy - 100

After tax energy cost = $520 - 468 = $52

Thus, although the homeowner pays the full $100, the corporation effec-
tively pays only $52 I$W00 x (0 - tax rate)] because taxes are reduced by
$48. It is due to this tax effect that costs of alternative energy systems

must be evaluated on an after-tax basis for the homeowner and on a before-
tax basis for the corporation. Only in this way can system costs be com-
pared with prevailing energy costs.

A detailed discussion )f fixed charge rate, its various component ;, and
corporate tax efffects is presented in The Cost of Energy from Utility-owned
Solar Electric Systems (C-1). The residential sector prosents a much sim-

pler case. Assuming a 4 percent loan for a hominowner ini a 20() percent incre-
mntall tax bracket, the ettectiv,, aftor-tax rate cam t shoW[I) hb. / .2 ).--

c(lIt 10.4 x (1 - 0.2)1. Compit ing the ippropriat, CI F inid ohting local
taxes and iiiroratic., yields the fixed charge rate . For ,x.implo,, iss mne a
lO-yoar lit, systm and *_-.') porLen1. [for local tax'- lud ln-,iranc,:



FCR CRF (1.072)10 +
1.07210 - 1

Typical fixed charge rates (FR) as a Iunction ot systL,- lif, N ind] ip-
pl ication ar,- rab,ii:atd here:

System life FCR

in years Util ity Residential Industrial/commercial

10 0.23 0. 17 0.27
20 0.19 0.12 0.23
30 0.18 0.10 0.22
50 0.18 0. 10 0.22

Level ized Annual Cost in Current Dollars

If equation (7) is substituted into equation (1):

LAC ' IC . FCR . CCF + M (AOM) 181

In this case, the I eve I ized annual cost is expressed in t erms r ur rotL
dol Jars.

Express ing LAC in current dol I ars estabI ishes equal yearly costs ov.'r
the? system life. This is analogous to the case of a home mortgage. The
homeowner borrows money at some interest rate. It is paid back in equal
monthly (hence, yearly) installments over the life of the nurtga.e (i.e., h'
pays $X/month in the first year and $X/month in the 30th year).

love iz~ed Annual Cost in Constant Doll:,rs

An al toruat iv m thod of expressing levelized annual cosLs is 1 r .l- r-

fnc the costs to a particular base year , e.g., 1970. Th( res'llt i the
ovt,' lized annul: cos;t in corst-lt (base year) dollars.

To calculate iCA(; in _,onstant dollars, a discoumt rat, that a{ccountls lot
nflation over lt, :'ystem lif' is determined. This rat, denotd by r', is

given by:

r (1 + r) - 1<

+ g)

where g is the annual inflation rate. The r' is then used in the LRF eqnla-
tion to yield .i capital recovery factor in constant (base year) dollars:

CR ' r' (1 + r')N lI.J

(l + r'N -



Substituting CRF' for CRF in equation (1) gives:

LAC (Constant $) = CRF' . PW 111]

Further substitution of equation (7) into (11) results in:

LAC (Constant $) = CRF FCR CRF+MAOM 112]CRF C•FR.RF+MAM[2

Combination of equations (2), (6), and (10) results in:

CR' M 1 [131
CRF

provided tilt g, the annual inflation or escalation rate, is the same for O&M
as for the general rate of inflation used in computing r'. This expression,
in turn, reduces equation (12) to:

LAC (Constant $) = CRFF + AOMCRF 1" .C FCR . CCF' 1 O 14]

Levelized Annual Benefits

The comparison of the energy cost savings of Ohw PV system to the level-
jZed annual cost is accomplished by computing the Ievel ized annual beneftitS

L1,AB) for tile energy savings. LAB is inherently a function of prese[t and
projected energy prices and may be expressed by

LAB (Constant $) = R. E l
CRF

where E represents the anniial energy saved by the sol r systei, M i; nn en-
o'rgy savings multiplier, which is defined as the Icvel ized viltic t an e>s-
c:l itii[I, cst stream which accounts [or the rate of ,.ner)v price -c-ilat ion
over the lifetime of the system, and P,, is tile eiergv price in year zcrt.
II ic,'t iipractice the appropriate utility rate schedule is appi Id Witll the
savings determined by the difference t tho , electric bills compitd Wit, ald

jithoni the PV sysLem.



The multiplier Mf is a function of energy price escalation rate (f),

system lifetime (N), and discount rate (r), and is expressed as*

Mf = r (1 + f) (1 + r)N - (1 - f)N

r - f (I + r)N - I

The economic viability of a system can be measured by comparing the lev-

elized annual cost to the levelized annual benefits. If the levelized an-

nual benefits exceed the levelized annual cost, the system is economically

workable. The break-even system cost occurs when IAC and LAB are equal.

*When r 
= 

f:

M = CRF N
The energy price in year zero (Po) is related to the energy price in

constant (base year) dollars per energy unit (p) through tho expressionl
I + f

P, = p 1 + g

where ) is the ntumber of years from the base year to year zero.

C-1 Doane, J. W. , et. al: The Cost of Energy from Utility-Owned Sol.jr
Electric Systems, Report JPL 5040-24, Jet Propulsion Laboratory, Junte

1976.
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